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ABSTRACT 
An experimental investigation of the particle distri-
bution in a 30-ft high, 4-in diameter, air fluidized column 
was carried out by means of an impact probe utilizing the piezo-
electric effect of a crystal. A simple pitot tube was used to 
measure the fluid velocity distribution. 
High speed photography was done to check the accuracy 
of the probe. Experiments were conducted to study the porosity 
distribution and flow pattern with spherical glass particles, 
3-mm diameter,for three air flow rates and three probing heights. 
An approximate fluidized bed model was devel~ped. This model 
yields a correlation between particle count and the porosity. 
It was found that porosity is lowest at the centre of the colunn 
and increases towards the column wall, but random zones of low 
porosity are also obtained next to the wall. Porosity at any 
height increases wi~h flow rate. 
Particle flow follows a. fountain type of movement. The bulk 
of the particles goes up at the centre and comes down at the 
sides. Localized circular .motions of particles are seen some-
where between the 10-in and 34-in levels for the two lower flow 
rates. For the highest flow rate these motions are seen some-
where between the 10-in and 22-in levels and between the 22-in 
and 34-in levels. 
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Fluidization as we know it today is a development of the 
past two decades. Despite the. newn~ss, the contributions to 
this area have been numerous with data and interpretations 
coming from many directions. 
·The first fluidization technique was used for purifica-
tion of ore (1), but the first industrial application was 
in petroleum cracking in 1937. Fluidization is still novel, 
but is not at all confined to a special field such as contact 
catalysis. Instead it extends irito many apparently quite 
unrelated regions in Chemical, Metallurgical and Nuclear fields. 
Sufficient aeration of a bed of solid particles. creates 
the characteristics of a true fluid, in terms of pressure 
{Head) and mobility. Depending on the type of solid distri-
bution in the fluidized bed, fluidization can be classified 
into particulate {mostly liquid-solid systems) or aggregative 
{gas-s~lid systems). 
Because fluidization offers such advantages as continuity 
of operation, better temperature control and excellent heat 
and mass transfer, attempts have been made throughout the 
world to explore the internal behaviour of fluidized beds. 
1 
2 
The study of the hydrodynamics of fluidized beds is 
vital to the design of plant equipment in industries. Many 
probing techniques have been used to study the bed behaviour. 
The results obtained are very diversified depending on the 
parameters considered. 
The present investigation was initiated by Shanmuganathan 
(2) who built the experimental equipment and the probing device. 
His impact probe was based on the piezoeletric effect of a 
crystal. A simple pitot tube was used to measure the velocity 
profile of the fluid in the column. 
In the present study the accuracy of the impact probe was 
checked by high speed photography. Radial distribution of 
spherical glass particles (3-mm dia) rising and falling in 
the fluidizing column (4-in I.D.) was studied at three differ-
ent heights from the bed support for three air flow rates 
and twelve angular positions. 
II LITERATURE SURVEY 
Although studies on the fundamentals of fluidization are 
numerous it is still not unusua i · to 'firid .discrepancies -·amo!].g 
the results of recent publicatio_ns. The inconsistencies in 
the published papers are mainly due to the numerous parameters 
which affect the quality of fluidization. 
The behaviour of fluidiz~d beds has ~ been investigated by 
different probing devices. A brief review of the work done 
with different probes and the characterization of bed behaviour 
"" by researchers, is given below. 
A. Probing Devices: 
Depending on the probing technique probes can be 
classified in two categories: 
a. Internal Probing Devices. 
b. External Probing Devices. 
In the former case an alien body is introduced 
into the fluidizing column. This can affect the true nature 
of the fluidized bed. During the infancy of fluidization stu-
dies internal probing was the standard technique of studying 
bed behaviour. 
'-
The piezoelectric effect of a crystal was used for probing 
fluidized beds by Gerald (3) in the early 1950's. The electrical 
3 
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potential devel~ped in the crystal by the impact of the par-
ticles was amplified and recorded. Gerald (3) used this 
technique by utilizing a cellophan diaphragm inside the column 
to transmit the impact to the crystal. His results showed 
the existence of rapidly changing porosities at different points 
inside a bed. Studies were done with a probe consisting of a 
2-in diameter steel ring of 1/2-in thickness holding the crystal 
and diaphragm in a 4-in I .D. fluidizing column. Thi.s probe 
was too big and interfered with the natural bed behaviour. 
Moreover it tended to average out smaller impacts by balancing 
them with secondary vibrations of primary impacts. Non-the-
, less it was a major break-through in the study of fluidized 
beds. Later this technique was modified by Bordet et al. (4), 
who used the same .principle to study the kinetic energy dlstri-
butions of particles in fluidized beds. 
Capacitance probes were first used by Morse and Ballou 
(5). Later researchers (6, 7 ,8) also used capacitan_ce probes 
to study fluidized beds. This type of probe is based on the 
measurement of the electrical capacity of a small electrical 
condenser containing the fluidized particles between the plates 
by a specially built electrical circuit. For a given arrangement 
of electrodes the capacity of such a condenser is proportional · 
to the mass and dielectric constant of the material, i.e., the 
particles, between the plates. For materials of common interest 
the dielectric·constant - of a· solid is · considerably greater-than 
that of a. ga~ and consequently replacement of any part of the 
5. 
gas by solid causes an increase in the capacity of the condenser. 
This probe can respond to rapid fluctuations of the measured 
quantity to the order of 10,000 cycles/seconds when coupled 
p~operly within an electrical network. Capacitance probes 
have limits of use because (a) capacity depends on the way 
the particles are arranged between the plates, (b) the size 
of the probe aff~cts the true bed behaviour, (c) electrostatic 
effect of the bed changes the capacity, (d) metals of high 
electrical conductivity (like graphite, metal powder) cannot 
·be used. 
Techniques based on pressure drop fluctuations are being 
used at AECL, Pinawa, Manitoba (9) to study liquid-solid 
fluidized beds. The technique is based on a correlation 
between pressure drop and the porosity of the bed. 
External probing has the advantage of not introducing a 
foreign body into the bed. Among the external probes is 
Gamma-ray attenuation (10 to 14,23) for measurement of aver-
age porosity. Radiation from a radioactive source is atten-
uated by the bed according to local bed density. 
The acoustic method (15) which is based on the absorption 
of sound waves is quite new. Photocells have been ·used by 
Reiss (16) for measurement of overall properties of the flu-
. 
idized bed. 
The study of fluidized beds with high speed photography 
is also quite new. With the development of high speed cameras 
with speeds as high as 44,000 frames/second it is possible 
to trace the particle movement on film. This technique permits 
6 
calculation of paricle velocity -and particle .distribution within 
the bed without introducing any alien body inside the column. 
Toomey and Johnstone (24) were the first to use high speed 
cameras to study particle velocities inside a bed. Their 
I 
photography was done through a window on the wall of the colttnn. 
Massimilla and Westwater (17) studied particle movement inside a 
glass fluidizing column taking ·motion pictures .at 2000 frames 
per second ·. Their observations were restricted to the parti-
cles near the wall. Black particles were used as tracers in 
their work. Todd , et al. (25) used a two dimensiona1·r1uiqizing 
coltmn for high speed photography.. Significant wall effects 
made their results far from satisfactory. Later researchers 
(18,19,20) used the same technique. By taking extra care with 
the lighting on the glass fluidizing columns and using solid-
fluids of very low density difference, Vaneck and Hunmel (20) 
were able to study the bed behaviour by pho~ographing at 
different planes. MacFairlane .and Armstrong (9) also used a high 
, 
speed camera to study particle velocities. 
B. Bed Behaviour~ 
Bakker and Heertzes (7), using a . capacitance probe, 
found . 3 distinct zones in a fluidized bed (a · sieve effect.zone 
near the bed support, a zone of constant porosity reaching up 
to initial bed height at incipient fluidization and a third 
zone at the top with increasing porosity). The criticism of 
this work is based on their neglect of the electrostatic effect 
which was investigated by Kisel'nikov et al. (15). · Kisel'nikov 
et al. measured the electrostatic , potential along the axis· of 
7 
the bed and found a region next to the bed support with in-
creasing potential, a middle zone with almost constant potential 
with respect to height and finally a top zone with decreasing 
potential. This implies that capacitance probe results, if 
not corrected for electrostatic potential, can lead to erro~ 
neous conclusions. 
Lanneau (8), using a capacitance probe, reported uniform 
porosity near the top and bottom of the bed at all conditions. 
Toomey and Johnston (~1) and others (10) suggested ~that ~a : fluidized 
bed consists of two different phases. The first is composed of 
particles :tn a state of minimal fluidization while the second 
... 
exists as a discontinuous phase consisting of all the excess 
gas above the minimum required for incipient fluidization. · 
Investigators (10,11) using X-Ray techniques showed the 
solid concentration to increase radially from the centre to 
the walls of the column. Fan e.t al. (12) showed a relatively 
constant porosity at the lower portion of the bed and a rapidly 
decreasing .porosity at the top of the column. 
El Halwagi et al. (23 ), utilizing Gamma-ray attenuation, 
detected higher particle concentrations near · the wall with the 
lowest concentrations at the centre and fairly constant 
porosity near the tied support. They ·als6 found ' three poro~ity 
zones ·lJke Bakker and Heertzes. 
Jonke and Ramaswami (~) studied particle movement inside 
a gas bubble rising through the fluidized bed and found it to 
be primarily downwards except near the centre of the bubble. 
8 
Initially a rising bubble pushes the centrally located part-
icles upward. However, the bubble rapidly overtakes the 
particles and the particles then rain through the bubble to 
the bottom where they are carried upward by the second bubble 
before being deposited on the bed. 
III SCOPE OF THE PRESENT WORK 
Chemical conversion, heat and mass transfer in fluidized 
beds are functions of the flow pattern of both _the fluid and 
the solid. A working knowledge of the mechanics of fluidization 
can improve design procedure. The present investigation was 
initiated by Shanmuganathan (2) who built the experimental 
set-up and the probing devic~s. The impact probe design was 
based on the piezoelectric effect of a crystal. He recorded 
particle counts for three air flow rates (2.97 cu ft/sec, 3.10 
cu ft/sec, 3.18 cu ft/sec) and at three probing heights (10-in, 
22-in, 34-in) for several radial positions at nine different 
angles with probe pointing downwards. He assumed particle 
distribution to be radially symmetric. 
He reported his results as normalized particle distribu-
tion as a function of radial positions for three flow rates 
and- three heights. His experimental results indicated the 
existence of three zones (a lower zone near the bed support 
with a uniform particle distribution, a zone of highly fluc-
tuating particle distribution at the top and a middle zone, 
forming the larger/ part of the fluidized bed, being the com-
bination of both the top and bottom zones) along the axis. 
In the present study the accuracy of the ~echnique was 
checked by high speed photography~-- The probe used was sam~ 
as ·Shanmuganathan (2) except that it was cushioned right to 
9 
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the tip. The reason for shielding the probe right to the 
tip was _the . demonstrated sensitivity of, the st.em of the :probe 
to particle contact (see Appendix III). The experimental 
equipment used was basically the same as that used by Shan-
muganathan (2). The minor modifications made in the equipment 
were (a) insertion of a 1/2-in layer of Berl saddles and four · 
screens in the pipeline, (b) addition of a 12-ft long 4-in I.D. 
smooth copper pipe following the screen (see Chapter IV). A set 
of runs of Shanmuganathan (2) was repeated under identical 
conditions of flow rate, probing height and particle diameter. 
The results obtained were very much different from those re-
ported by Shanmuganathan, : possibly due·to ~the modifications 
done, specially · in- ~he .. probe ... length. Further .measurements 
were done at the three probing heights and three air flow 
rates considered by Shanmuganathan. Readings were taken for 
several radial points along the diameter for twelve angular 
positions with the probe pointing both upwards and downwards. 
The readings with the probe pointing downwards gave an idea 
of the particles going up the column, with the probe pointing 
upw~rds, the distribution of the particles coming dovm the 
column was obtained. 
In the present study three air flow rates and three 
probing heights were the only two variables with the particle 
di8:fileter (3-mm), the distributor (40-mesh screen) and the 
static bed height (4-in) being kept unchanged. The equipment 
specifications limited the choice of variables. 
IV EXPERIMENTAL SET UP AND PROCEDURE 
The experiments were conducted in a column constructed 
from several glass pipe sections and one long copper tube. 
The height and nominal diameter of the column were 26 ft and 
4-in respectively. The probing device which includes the parti-
cle counter and pitot tube for fluid velocity measurement was 
housed in a test section. The general arrangement is shown in 
Fig 4. 1. . The details a re given be low. 
A. Flow Distribution: 
Air at room conditions was passed through the column 
by means of a centrifugal blower ( ' rating 600 cu ft/min and 
7.25 b.h.p. motor). The flow to the column was controlled by 
the bypass valve v1 and on-line valve v2 • A calibrated venturi 
nozzle with taps connected to an inclined manometer was used 
to measure the air flow rate. The venturi insert was preceded 
by 60-in of straight pipe line to cut down the venturi effect. 
The 3-in I.D. copper pipe line was joined to an elbow, where 
the direction of air flow changed from horizontal to vertical and 
pipe diameter from 3-in to 4-in I.D. Deflecting baffles foll~ 
wed by a 1/2-in layer of Berl saddles and 4 screens were used 
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smooth copper pipe following the screens acted as a calming 
zone for uniform distribution of air over the pipe cross-
se~tion. This was followed by 1 1/2-ft long 4-in I.D. 
aluminium pipe which supported the bed. The bed support con-
sisted of a 40- mesh wire screen on a standard diagonal lattice 
perforated metal sheet with 1/2-in openings. The column was 
constructed from glass sections of different lengths. This 
enabled pl&cemcnt of the tc~t Gcct~cn at diffs~~n~ lcvelo abo 1e 
the bed support for measurement of particle and fluid velocity 
distributions at different heights of the fluidized bed. The 
26-ft long column exhausted its air into a 6-ft long 2-ft I.D. 
aluminium cyclone separator. 
B. Test Section: 
The test section -v ~as 13-in long with Ii ~ .... T n .... ,. .... .J...4,&. .... 4,.J. 
Cylindrical aluminium sections(4-in I.D. · and 1 1/2-in long) 
were connected to both ends of a 9-in long 4-in I.D. glass 
section. The ends of the aluminium sections were threaded and 
connected to aluminium flanges. The flanges were of the screwed 
joint plane face type. This facilitated rotation of the test 
section about the axis. Two aluminium bars were attached to 
the cylindrical aluminium components to reinforce the test 
section. One of the bars acted as a support for the transverse 
mechanism. Details of this mechanism are shown in Fig 4.2. 
Probes were arranged so that their tips faced in opposite 
directions. The traverse,which held the probes, was designed 
to facilitate location of either probe tip in the upstream 
direction. A gland arrangement on the support bar, adjacent 
15 
to the glass pipe of the test section, acted as a plug as well 
as a support and guide for the stems of the probes. An indi-
c~tor affixed to the sliding part of the traverse glided over 
a scale. This arrangement made it possible to place the probes 
at any desired point along the diameter of the column with an 
accuracy of 0.0625 inches. 
c. Details of .. the Probes: 
Two probes we~e u~ed to make the study of internal 
bed beh~viour. To minimize the effect of introducing an alien. 
body into the bed,which would disturb the true nature of the 
bed, the probes were made as small as possible. A simple pitot 
static tube was ·used to measure the air velocity at different 
points. The impact probe developed for particle counting was 
smaller than any used previously. · 
The impact probe is based on the principle of the piezo-
electric effect of a crystal. A Piezoelectric material 
' 
exhibits a displacement of electricl charge on application of 
external strain. Mechanical strain caused by the impact of 
particles on piezoelectric crystals can be converted to an 
electrical signal. Of all the piezoelectric materials avail-
able, a ceramic crystal is the best because it is not very 
sensitive to fluctuations of temperature and humidity. 
A dual element ceramic crystal from a stereo cartridge 
was used in the probe construction. It had a linear freq-
uency response up to 20,000 cycles/sec. Details of the 
probe are shown in Fig 4.3. The crystal was placed inside 
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FIG. 4.4 SCHEMATIC DIAGRAM OF PROBE ELECTRONIC INSTRUMENTATION -.1 
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a 1/8-in stainless steel tube bent in the form of a pitot tube. 
An ultra thin, low noise coaxial cable serving as the lead wire 
passed through the stainless steel tube. 
D. Instrumentation: 
The electrical output of the probe was in the 15- 50 
millivolt range depending on the velocity and angle of inci-
dence of the particles. The low voltage signal and the noise 
due to air flow necessitated the specially built electronic 
circuit shown in Fig 4.4. ThJs circuit consisted of a two 
stage amplifier, the first stage of which had a variable resis-
tance which served as a sensitivity control. This control 
increased the versatility of the probe by making ·1t adaptable 
to particles of different sizes and densities. A Schmidt tri-
gger- was included in the circu:i.t to shape the signals lnt;o 
square waves. The signals from the Schmidt trigger were of 
constant height with width depending on the initial amplitude 
of the original pulses. 
Although the variation in width did not effect the accu-
racy of particle counting because every pulse triggered the 
counter irrespective of the shape · the signal as such could 
not be intergrated to obtain time average values of particle 
concentrations. A modified multivibrator was included in the 
circuit which · · converted signals of variable width to con-
stant width. This helped to produce true integrated values of 
the signal over a period of time. The modified signals could 
be easily integrated and recorded on any strip chart recorder. 
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E. Came ra Set-up: 
To check the accuracy of the probe, high speed 
photography of the probe and the oscilloscope was conducted 
by means of a Wollensak Fastax Camera using 16 mm KODAK Tri-
X Reversal ·and 4-X-Reversal, Black and White film with ASA 
rating from 160-1000 (Tungsten). The electrical circuit for 
the camera, goose control unit and the puise generator is 
shown in Fig 4.5. Two 500 watt photoflood lights were used 
for lighting. Back _lighting was used to reduce glare from 
the glass column as well as the particles. 
The motion of the particles was observed through frame 
by frame viewing of the developed film. Particle tracks were 
determined by projecting the film on a large sheet of white 
paper and marking the po::si tions occl1plt!d by th~ pa1~ticle dur=ing 
successive frames. Fig·ure 4.6 illustrates the typical results 
of the particle tracking. Particle velocities were calcu-
lated only from the movement in the vertical direction. The 
sensitivity of the probe, which was calibrated with respect 
to the velocity of the impinging particles, was adjusted to 
the velocity calculated from the high speed film. 
The output from the impact probe was fed to an oscilloscope 
which produced a square wave deflection for each electrical 
pulse. The scope was reflected in a mirror which was located 
so that the mirror and the probe were recorded on the same 
film frame. Pictures at frame speeds from 1000 to 4000 per 
second were taken. The developed film was studied frame to 
frame to check whether each particle hitting the probe 
22 
appeared as a deflection on the scope. 
V RESULTS AND DISCUSSION 
The present investigation consisted of first establishing 
the accuracy of the particle counting probe and then -evaluating 
the effect of the following three parameters: air flow rate, 
height and radial position, on the state of fluidization in 
an air fluidized bed. The bed contained a 4-in static bed of 
3-mm glass beads, with 40-mesh screen distributor. 
High speed photography was done to check the accuracy of 
the probe. Study of the films showed that a single deflection 
was produced on the oscilloscope screen for each particle 
hitting the probe provided that the sensitivity of the probe 
was controlled at an appropriate level. · The correct sensitivity 
was then used for the collection of experimental data. 
Particle counts were made at three heights above the bed 
support. For each height, three air flow rates were investi-
gated. Readings were obtained for probe pointing downwards 
as well as probe pointing upwards over a period of 100 seconds 
for several radial positions at twelve different angles. 
The readings have been normalized (with respect to particle 
count at centre of the column) and tabulated in Appendix I. 
Air velocity profiles were obtained in the absence of particles 




A. Development of a Correlation Betw~en Poro~~tY .. ':olld 
Pa rtlc le c!'ount: • 
A fluidized bed model is suggested below for the develop-
ment of a correlation between porosity and particle count. 
The following basic assumptions are made in this analysis. 
(i) Particles have longitudinal motion only. Lateral and 
spinning motions are neglected. 
(11) Particle velocity in the upward or downward direction 
over the column cross-section at all bed heights and fluid 
velocities is constant. 
The contours of normalized particle count divide the 
column cross-sectional area into different small regions. The 
impact probe placed anywhere in such a small region would reco-
rd the same particle count over a definite time. For the sake 
·of convenience such a small region is assumed to be circular. 
In the following discussion: 
Let, d :: Diameter of the circular region (mm) 
C = Total particle count/100 seconds 
(anywhere in the circular region). 
Cup+ Can 
v~ Particle velocity (mm/sec) 
The basis of calculation is taken as one second. A cyli-
ndrical volume having a length of V mm (distance traveled by 
a particle in one second) and diameter of d mm can be visualized 
inside the fluidized bed. 
The cross-sectional area of the cylinder 
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The volume of the cylinder= [n/4] a2v (mm3) 
The particl_e count anywhere in the volume = C/100 
In the present investigation, the particle diameter~ 
probe point diameter= dp (mm) 
Hence the projected area of particle-== The cross -sectional 
area of probe ={ir/l+)d 0 ~ (mm 2 ) 
Volume of one particle=(lf/6)d 3 (mm3) 
- p 
The probe placed anywhere in the circular section records 
a count C/100. It can be visualized that there are 'N' particles 
moving either up or down within the · boundry of the circular 
section at any instant. Each particle is followed by a 
vertical chain equivalent to C/100 other particles. 
According to this pattern, 
N =f v/4) ct2 /(!r/Lt) dp j= a2 /dp 2 
The total number of particles in the cylindrical volume, 
- N ic c/100 = [a2 ;a/ x c/100] 
Total volume of solid present, 
= [ct2/a/ x c/100 J f.r/6)aPJ mm3 
= [lf/600) x ca2ctp] mm3 
Volume of free space (gas ){(n/4) a2v .. (rr/6oo) a2cti] mm3 
Porosity ( €. ) _ Volume or free soace gas 
o ume o _ ree space gas + o uri-ie o~ so 
-
(lT /4) ct2v -t/500) Cd2dp 
(lT /11) ct2v 
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It can be seen from the above equation that, porosity 
depends only on particle count, the particle diameter and 
the particle velocity. 
In the present investigation the particle diameter was 
kept ::n:t:::u::~;~ [l -~ J -------------------l · 
50 V . . 
Equation 1 is the model equation 
B. ,Application of the Model Equation: 
From the high speed film, particle velocities were cal-
culated by tracking particles from frame to frame. The par-
ticle velocities ranged from a minimum value of 8-in/sec to 
a maximum value of 18-in/sec. An average particle velocity 
of 12-in/sec was assumed. The velocity of particles at all 
heights and all radial positions was assumed to be eqµal. 
On the basis of this fluidized bed model suggested regions 
of constant porosity over the column cross-section could 
be found. Figure 5.1 shows a typical isopore for the 22-in 
probing height when the air flow rate is 3.10 cu ft/sec. 
From Fig 5.1, it can be seen that porosity is lowest at the 
centre, an indication of a very high particle concentration. 
The porosity increases towards the column wall, but random 
zones of low porosity are obtained next to wall. 
From a consideration of isopores determined for three air 
flow rates and three probing heights it can be seen that the 
o.66 
0 7?. 
• I ..J 
~ 
o.67 o . 6.3 o .6g 0. 70 
~ 1111 iu 11111111 
0.74 0 .75 0 .76 0 .77 0 . 78 






porosity at any height increases as the air flow rate increases. 
The poro~ity distribution across the column is relatively·.more 
uniform at the 10-in level compared to the two higher heights 
for all the three flow rates. A very low porosity at the 22-in 
level for the two low air flow rates may be due to a looping 
motion of particles, which is discus~ed in more detail later. 
The porosity distribution across ·the column is fairly uniform 
at the 34-in height for 3.10 and 3.18 cu ft/sec flow rates. 
C. Further Comments: 
Figures 5.2 to 5.4 show rising and falling particle counts 
at five radial positions for the three heights and three flow 
rates. From these particle counts it can be seen that the number 
of particles going up at the centre is very high compared to 
that at the sides. For particles coming down the column, a 
low count at the centre and a very high count at the sides 
indicate particles to be falling mainly at the sides. This 
fountain type of particle motion can be visualized for all 
the three flow rates. Such behaviour was also observed from 
the high speed films. The bulk of the particles moves upwards 
at the centre of the column and comes down at the sides. At 
the two lower flow rates (Fig 5.2 and 5.3) it is seen that the 
particles do not go all the way up at the centre but branch 
out somewhere in the middle of the column and move down in a 
circular path and join the main bulk at the centre again. 
This type of pa~ticle motion may help to explain the unorthodox 
behaviour of fluidized bed reactors. The circulation of part-
icles that occurs somewhere between the 10-in and the 34-in 
29 
heights for flow rates of 2.97 and 3.10 cu ft/sec creates 
conditions favouring a CSTR model. Absence of such localized 
circulation would favour a plug flow behavoiur. At the high-
est flow rate of 3.18 cu ft/sec the particle circulations 
occur somewhere between the 10-in and the 22-in levels and also 













FIG. 5.2 PARTICLE TRAJECTORIES IN FLUIDIZED BED 
PREDICTED FROM PARTICLE COUNTS 
(AIR FLOW 2.97 CU FT/SEC) 
SCALE:- 1-CM = 1000 PARTICLE COUNTS 
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FIG. 5.3 PARTICLE TRAJECTORIES IN FLUIDIZED BED 
PREDICTED FROM PARTICLE COUNTS 
(AIR FLOW 3.10 CU FT/SEC) 















FIG. 5.4 PARTICLE TRAJECTORIES IN FLUIDIZED BED 
PREDICTED FROM PARTICLE COUNTS 
(AIR FLOW 3~18 CU FT/SEC) 
SCALE:- 1-CM = 1000 PARTICLE COUNTS 
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VI CONCLUSIONS 
Because of the limited number of parmeters considered 
in this investigation the results cannot be generalized. 
However the following conclusions can be arrived at on the basis 
of experimental results obtained and the bed model proposed: 
1. The impact probe using the piezoelectric effect ofa 
crystal was very reliable, versatile and accurate. Details 
on its reliability are given in Appendix III. 
2. Porosity is lowest at the centre of the column and 
increases towards the column wall, but random zones of low 
porosity are also obtained next to the wall. 
3. Porosity at any height increases with the flow rate. 
Distribution of porosity is relatively more uniform at the 
10-in level compared to the two higher heights for all the 
three air flow rates. 
4. The flow pattern of particles follows a fountain type of 
movement. The bulk of the particles goes up at the centre of the 
column and comes down at the sides. Localiz~d circular motions 
of particles are seen somewhere between the 10-in and 34-in 
l~vels for the two lower flow rates. · For the highest flow rate 
these motions are seen somewhere between the 10-in and 22-in 
levels and between the 22-in and 34-in levels, as particles 
branch out from the main bulk at the centre, come down in a 
33 
ctrcular path and joi~ the matn bu1k agaln, 
The followlng.ruggestions concerning the equ1pment may 
help to yteld better results in future work: 
l. P~obing at severa1 higher heights could give a better 
interpJ.-ietation of the phenornet1a of particle distrtbution and 
movement. 
2. The support for the screen distributor should be repla-

















Particle count in 100 seconds, probe ·pointing upwards~ 
Pa~ticle count in 100 seconds, probe pointing downwards. 
Total particle count in 100 seconds, Cup..,_ Can 
/ 
Particle count at the centre of the column in 100 seconds, 
probe pointing upwards. 
Particle count at the centre of the column in 100 seconds, 
probe pointing downwards. 
Normalized particle count, Cup/{CL)up or Cdn/(CL)dn 
Any radial position, in inches. 
Internal radius of the column, iri inches. 
Fractional radial position, r/R. 
Porosity of the bed. 
Velocity of the particles in the bed, mm/sec. 
Particle diameter, in mm. 
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APPENDIX I 
The data obtained during the experimental investigation 
are given in a non-dimensional form in Tables I.1-I.9. The 
fractional radial position R* is the ratio of r/R where r is 
/ 
any radial position and R is the radius of the column. 
Similarly the normalized parti'cle count c* is the ratio of the 
counter reading over a period of 100 seconds to the counter 
reading for the same period at the centre which is CL. Other 




VALUES OF C* FOR flFFF.RENT R* 
PROBING HEIGHT= 10 IN F L OW R A T F = 2 • 9 7 C • F • S • 
sraTIC ~F~ HEIGHT= 4 IN S(QEEN ~ 40 MESH 
PROBE POINTING OCWN PROBE P0If'.4TII\G l'P 
ANGLf OF PRC~ING IN OEGPFES A~GLE OF PROBING IN DEf.RFES 
R• 0 15 30 45 60 75 90 105 120 135 l 'iO 165 0 15 3("1 45 (;0 75 9C 105 120 1 '3 'i 15('1 16" 
0.866 0.60 C.66 0.48 0.51 0.50 C.44 0.38 0.44 0.40 0.35 0.39 0.45 4.'iO 4.41 4.58 4.24 4.15 3.71 3.77 3.34 2.73 2.?~ 2.14 2.39 
0.866 0.61 0.64 0.52 0.52 0.47 0.43 0.44 0.41 0.40 0.38 0.36 0.49 4.50 4.41 4.5A 4.24 4.15 3.71 3.77 3.34 2.73 2.?n ?..14 2.3Q 
0.866 0.65 0.57 0.5C C.48 0.46 0.40 C.46 0.45 0.40 0.39 0.36 0.51 4.57 4.04 4.56 4.42 4.19 3.Rs 3.R3 3.cq 2.qz 2.43 ?.25 2.29 
0 .164 0.10 o.~3 o.64 0.62 o.54 o.56 o.so o.51 o.47 o.45 o.45 o.ss 3.30 3.18 3.53 3.43 3.1~ 2.98 3.03 2.60 2.67 2.10 1.93 2.03 
o.764 0.18 0.62 0.64 C.62 0.54 0.53 0.5C 0.46 0.44 0.46 0.44 0.5R 3.30 3.lR 3.53 3.43 3.18 2.gB 3.C~ 2.60 2.67 2.10 l.93 2.~3 
0. 16't 0.79 0.60 o.62 C.59 0.55 0.53 0.50 0.52 0.44 0.44 0.48 0.55 3.27 3.39 3.31 3.29 3.12 2.92 2.87 2.80 2.57 ?.14 1.95 2.03 
0.646 0.85 0.11 0.15 C.81 0.65 0.59 0.61 0.61 0.56 0.59 0.52 0.64 2.56 2.52 2.41 2.31 2.18 2.21 2.06 l.R8 2.02 l.94 1.52 1.59 
0.646 o.85 0.11 0.15 0.01 o.65 o.59 0.61 0.61 o.56 o.sq o.52 o.64 2.56 2.52 2.41 2.11 2.18 2.21 2.06 l.P8 1. 0 1 l.P'i 1.55 1.~3 
0.6't6 o.e1 0.1s 0.16 c.15 o.63 0.62 0.62 o.56 o.57 o.56 o.54 o.68 2.46 2.25 2.30 2.31 2.31 2.11 2.1g 1.85 1.01 I.Ao 1.4g 1.c:;q 
0.500 1.00 o.93 o.e2 c.ee o.eo o.6q o.76 o.75 o.68 o.69 o.65 0.12 1.84 1.67 l.6q 1.6~ 1.62 l.4Q 1.57 1.41 1.58 1.42 1.26 1.31 
0.500 1.00 c.93 o.e2 o.ee 0.00 o.69 0.16 0.15 o.6R o.69 o.65 0.12 1.14 1.64 1.54 1.62 1.11 1.39 1.6e 1.s~ 1.45 1.31 1.24 1.31 
0.500 1.00 0.91 o.e1 c.e6 c.ez 0.11 0.11 0.1s 0.1s o.68 0.62 0.13 1.qz 1.81 1.19 1.14 1.62 1.s3 1.5q 1.47 1.54 1.50 1.2s 1.31 
0.290 1.02 1.oc 0.91 c.96 o.99 0.92 o.e6 o.e6 0.11 o.es o.R2 0.81 1.25 I.lo 1.~o 1.15 1.11 1.23 1.23 1.10 I.IA 1.05 l.~8 1.00 
0.290 1.02 1.00 0.97 c.q6 C.92 0.92 0.86 0.86 0.77 0.85 0.82 0.81 1.33 1.30 1.19 1.25 1.18 I.CB 1.14 1.01 1.11 1.og 1.10 1.oq 
0.290 1.04 C.96 0.93 C.98 C.92 C.92 0.91 0.11 0.77 0.89 0.86 O.QO 1.20 1.24 1.31 1.21 1.15 1.11 1.23 1.12 t.24 1.og 1.01 1.08 
0.000 1.03 1.01 o.qq 1.01 C.98 C.99 0.98 1.00 0.99 0.97 1.00 0.99 0.99 0.93 1.06 0.97 C.98 ).oz 1.01 1.01 1.03 1.01 0.9o 1.08 
0.000 1.03 1.01 0.99 1.01 C.98 0.99 0.98 1.00 0.99 0.97 1.00 0.99 o.93 1.02 o.94 1.04 o.9~ o.~5 o.98 1.00 o.gA 1.03 1.00 G.Q9 
0.000 0.97 0.99 1.01 0.99 1.02 1.01 1.02 1.00 1.01 1.03 1.00 1.01 1.08 1.06 1.00 0.9~ 1.03 1.04 1.01 C.99 o.qg 0.96 1.02 0.93 
o. ZCJO 0.89 0.91 0.91 C.91 0.93 0.99 0.90 0.93 0.90 1.00 0.90 1.02 1.14 1.06 1.15 1.14 0.97 l.C9 l.lC 1.07 1.22 1.10 1.17 1.37 
0.290 o.eq o.91 0.91 0.91 c.93 o.99 0.90 o.93 0.90 1.00 o.qo 1.02 1.10 1.16 1.11 0.00 l.Qq I.Of 1.22 1.15 1.71 l.lA 1.27 1.2P 
O.ZCJO 0.88 C.92 0.85 0.97 1.01 0.92 0.91 0.95 0.94 1.02 0.93 0.99 1.04 1.10 1.09 1.09 1.02 1.06 1.16 1.15 1.28 1.7-l 1.22 1.28 
0.500 0.12 o.e4 o.sc c.66 0.11 o.64 o.76 o.A5 0.11 0.01 o.1q o.eo 1.44 1.44 1.38 1.55 1.46 1.53 1.57 l.5~ 1.61 1.12 l.61 1-.q3 
O.!iOO 0.11 c.s4 o.ec o.66 0.11 o.64 0.16 o.as 0.11 o.a1 o.79 o.ao 1.47 1.34 1.32 t.53 1.41 l.63 1.52 1.0 l.~7 l.68 1.67 1.00 
0.500 0.11 0.05 0.00 c.65 c.s3 0.12 0.11 0.03 o.74 o.s1 o.78 o.ss 1.34 1.42 1.51 1.47 1.54 1.48 1.6e 1.50 1.s1 I.Pl 1.65 1.~1 
0.646 0.67 0.70 0.62 C.56 0.51 0.51 0.60 0.66 0.52 0.66 0.67 0.65 1.62 1.77 1.60 1.77 1.78 1.73 1.93 }.91 2.39 2.41 2.40 2.76 
0.646 0.11 0.14 0.62 o.s1 o.63 a.sq o.60 o.66 o.54 o.66 o.67 o.65 1.11 1.73 1.69 1.11 1.7( 1.75 t.93 l.93 2.39 2.41 7.40 ?.76 
0.646 O.TO 0.74 0.62 C.51 C.51 0.55 0.63 0.65 0.56 0.61 0.62 0.64 1.71 1.82 1.70 l.~8 1.75 l.P2 2.10 2.05 2.20 2.~7 2.44 2.5A 
o • .,64 0.62 0.57 0.51 C.52 0.53 o.~q 0.50 0.50 0.44 0.47 0.55 0.54 1.81 2.25 2.C6 2.20 2.23 2.28 2.42 2.7A 2.84 3.17 3.16 3.~2 
0.764 0.64 0.56 0.4q G.46 C.45 0.42 0.48 0.53 0.48 0.52 0.47 0.51 2.02 2.2s 2.ca 2.20 2.23 2.2s 2.42 2.18 2.~4 1.11 3.1~ 3.62 
o. 764 0.66 0.58 0.49 C.49 0.48 0.42 0.50 0.51 0.46 0.49 0.55 0.54 2.02 2.29 1.qg 2.og 2.1q 2.23 2.52 2.~Q 2.q3 1.31 2.~Q 3.42 
0 .866 o.~3 o.49 o.37 c.44 c.37 o.35 o.37 o.41 o.37 o.40 o.4t 0.40 2.47 2.43 2.50 2.54 2.1g 2.98 3.0C 3.35 3.20 4.?3 4.04 4.52 
o. 866 O.'t8 0.42 0.42 C.4C 0.3q 0.35 0.16 0.43 0.35 0.42 0.41 O.Jg 2.47 2.43 2.so 2.54 2.3g 2.~R 3.or 3.35 3.20 4.21 4.04 4.52 
O.ft66 0.52 0.44 0.41 C.43 0.40 0.32 0.38 0.42 0.40 0.41 0.43 0.41 2.47 2.62 2.38 2.60 2.40 2.e1 3.lc 3.21 3.03 4.1g 4.Ie 4.45 
0.958 0.29 0.21 0.28 C.23 0.25 0.21 0.26 0.25 0.28 0.25 0.33 0.27 1.42 1.56 1.56 1.16 1.~c 1.1q 2.oe 2.20 1.9G 2.1s 2.65 3.43 
0.958 0.28 0.22 0.25 C.23 0.24 0.18 0.24 0.24 0.2A 0.28 0.33 0.30 1.s1 1.56 1.64 1.12 1.sc 1.g1 2.cs 2.20 1.gg 2.15 2.65 3.43 
0.958 o.26 C.24 0.25 c.22 C.25 C.19 0.26 0.21 0.25 0.31 C.34 o.28 1.52 1.41 1.51 1.t6 1.53 1.e2 2.01 2.12 t.9Q 2.51 2.~o 3.2P 
Cl 2704 3074 3572 35?2 ~224 3554 3715 3A20 3693 3647 3849 3603 1006 1C4ti g?3 qt2 ~~3 IC?5 1(37 1C85 1(44 1n.oo 1071 C)QQ 
+=" 
0 
TABU: I. 2. 
VALUES CFC* FCR CIFFFRENT q* 
PP08 ING HEIGHT = 22 IN FLOW RATE= 2.97 C.F.S. 
STATIC 8EO HEIGHT= 4 IN SCPHN:- 40 MESH 
PR~RE POI~TING orwN PRl;RF POi N11 t\:G l;P 
ANGLE OF PROBING IN DEGREES ANGLE OF PRQBING I~ OF G~EES 
R* 0 15 30 45 60 75 qo l 05 120 135 150 165 C 15 10 45 60 1'5 9C 10'5 120 l 3c:; 1 c:; /) ] 65 
0.866 0.28 0.27 0.3C C.11 C.41 C.40 0.35 0.32 0.29 0.35 0.35 0.34 3.ql 3.A3 4.22 4.26 ~.1~ 4.59 2.57 2.44 2.66 2.02 2. 0 A 1.13 
0.866 0.20 0.20 0.30 0.30 o.4o o.4o o.33 0.12 o.2q o.38 o.33 o.34 3.91 3.A3 4.22 4.26 4.39 4.59 2.57 2.44 2.66 2.02 2.00 3.13 
0.866 0.21 c.20 a.Jo o.zq c.42 o.39 o.35 o.31 0.20 o.36 o.34 o.35 4.o3 3.79 4.10 4.05 4.1q 4.37 ?.64 2.66 2.sc 2.eo 2.QJ 3.og 
0.764 o.38 o.34 o.Jq c.10 o.43 o.44 o.42 o.41 o.40 o.45 o.43 o.41 3.29 3.09 1.15 3.4Q 3.53 3.~5 2.04 l.Q9 2.10 ?.43 2.50 2.6? 
o.764 0.3e 0.34 O.Jq 0.38 0.43 0.44 0.42 0.41 0.40 0.45 0.43 0.41 3.29 1.09 3.35 1.49 3.53 3.P5 1.85 2.0A 2.36 2.15 2.50 2.f.? 
o.764 0.37 C.34 0.38 C.38 C.41 C.45 0.43 0.43 0.37 0.41 0.41 0.40 3.36 3.13 3.43 3.71 3.58 3.9P 1.94 2.13 2.37 2.23 2.57 2.4R 
0.646 0.46 C.45 0.47 C.48 0.53 0.54 0.54 0.48 0.51 0.54 0.35 0.57 2.s2 2.32 2.cs 2.1q 2.2q 2.s2 1.45 1.sc 1.1, 1.01 2.03 1.17 
0.646 0.46 0.45 0.47 0.48 0.53 G.54 0.54 0.48 0.51 0.54 0.53 0.57 2.52 2.32 2.14 2.21 2.47 2.82 1.47 1.61 1.~4 1.q5 l.O? l.P8 0.646 0.45 0.43 0.45 C.46 0.54 0.52 0.56 0.50 0.53 0.52 0.54 0.59 2.64 2.21 2.17 2.30 2.42 2.11 l.f4 1.58 1.7P l.QC 1.06 1.03 
o.soo 0.65 0.61 0.62 C.64 Ce62 C.66 0.66 0.67 0.65 0.12 0.66 0.6R 1.11 1.66 1.49 1.52 l.~4 1.11 1.3( 1.15 1.34 1.77 1.~1 1.56 0.500 0.65 0.61 0.62 C.64 0.62 0.66 0.66 0.67 0.65 0.72 0.66 0.68 1.79 1.64 1.49 1.49 1.59 1.67 1:11 1.20 1.23 1.~4 1.36 1.45 
o.soo 0.67 C.64 0.64 C.67 C.67 0.70 0.61 0.68 0.68 0.75 0.66 0.65 1.73 1.63 1.44 1.55 1.59 1.75 1.38 1.25 1.37 1.~1 1.45 1.40 0.2QO o.e5 0.10 o.e@ c.e6 0.90 0.05 0.92 0.05 0.01 0.91 0.90 o.qo 1.20 1.11 1.14 1.13 1.07 1.25 l.Cl C.Q4 1.00 1.05 I.lg l.11 
o. 290 0.85 0.78 0.88 0.86 C.9C 0.85 0.92 C.85 0.81 0.91 0.90 0.90 1.29 1.03 1.11 1.14 1.03 1.36 1.01 1.02 1.03 l.C5 1.05 1.10 o. 290 0.86 0.79 O.B6 C.83 C.88 0.84 0.94 0.82 0.76 o.g4 0.92 0.93 1.25 1.09 1.09 1.11 1.08 1.31 C.9f 1.02 1.oc 1.ng 1.14 1.13 
0.000 o.98 1.01 1.02 c.90 ·1.01 c.q0 c.99 c.98 o.98 o.99 1.01 1.0 2 1.00 c.98 o.97 1.04 o.q~ o.qs o.97 1.02 1.03 o.99 1.00 1.01 
0.000 o.98 1.01 1.02 c.qa 1.01 o.98 o.99 o.98 o.98 o.99 1.01 1.02 o.98 o.98 o.98 o.97 c.q6 1.02 1.03 1.02 o.96 1.00 1.01 1.00 0.000 1.02 C.99 0.98 1.02 c.qq 1.02 1.01 1.02 1.02 1.01 0.99 0.98 1.02 1.04 1.05 o.qg 1.04 1.c1 1.01 o.96 1.01 1.01 0. 0 0 0.01 0.290 o.83 0.82 0.9C C.A3 0.84 0.78 0.88 0.79 0.75 0.91 a.RB 0.85 1.46 1.38 1.24 1.43 1.31 l.3Q 1.24 1.73 1.36 1.21 1.41 1.19 
o. 290 0.83 0.82 0.9C C.83 O.A4 0.7A 0.88 0.79 0.75 0.91 0.88 0.85 1.38 1.32 1.24 1.49 l.3t 1.3( 1.3? 1.25 1.16 1.1P 1.34 1.12 
0.290 0.85 0.83 0.84 C.86 C.81 C.82 0.91 0.77 0.80 0.86 0.92 0.82 1.45 1.3':\ 1.28 1.51 l. 2 8 1. 3 7 1-. 34 1. 3 6 l • 3 6 1. 3 1 1. 31 1.25 0.500 0.60 o.56 o.58 o.57 0.61 o.63 o.63 0.62 o.58 o.67 0.61 o.65 2.29 2.05 1.98 2.11 2.04 2.C8 1.73 1.85 1.qA 1.g4 2.rc:; 1.67 
0.500 0.60 0.56 o.58 C.57 0.61 O.f3 0.63 0.62 0.58 0.67 0.61 0.65 2.29 2.01 2.13 2.2? 2.11 2.C5 1.68 1.90 l.P5 ?.CS l.Q7 1~57 
0.500 0.61 0.50 0.55 C.62 0.64 0.67 0.63 0.60 0.61 0.70 0.57 0.68 2.20 2.11 2.20 2.24 2.15 2.12 1.77 1.86 1.04 l.Q6 2.03 1.73 
0.646 0.42 0.45 0.43 C.41 C.4~ 0.44 0.48 0.47 0.43 0.48 0.48 0.50 l.04 2.q~ 2.eo 2.qs 2.61 3.C3 2.41 2.55 2.50 2.73 2.75 2.rq 
0.646 0.42 0.45 0.43 C.41 0.48 0.44 0.48 0.47 0.43 0.48 0.48 0.50 3.04 2.93 2.eo 2.95 2.61 1.c3 2.5c 2.4~ 2.~c 2.13 2.15 2.rq 
0.646 0.41 0.42 0.45 0.39 0.47 0.47 0.51 0.44 0.39 0.45 0.51 0.49 2.96 3.08 2.85 2.81 7.44 2.85 2.43 2.46 2.12 2.5R 2.77 2.20 
0.764 0.31 C.31 0.32 C.32 o.3q 0.39 0.40 0.41 0.17 0.36 0.41 0.41 3.55 3.42 3.48 3.39 3.51 3.t4 3.21 3.53 3.05 1.c:;6 3.35 2.q4 
o.764 0.31 0.32 0.34 C.30 C.40 0.40 0.40 0.41 n.31 0.37 0.41 0.41 3.55 3.42 3.4A 3.39 3.51 3.64 3.21 3.53 3.05 3.56 3.35 2.94 
0. 764 0.29 0.31 0.33 C.32 C.40 C.40 0.40 0.44 0.40 0.35 0.40 0.39 3.29 3.22 3.65 3.54 3.f4 3.55 3.2~ 3.31 3.2A 3.~P 3.30 2.1'7 
0.866 0.27 0.24 0.26 C.26 C.31 C.32 0.31 0.32 0.30 0.31 0.30 0.34 4.21 4.05 4.14 4.~2 4.?~ 4.30 J.Q7 4.4A 3.8~ 4.12 4.30 3.5A 
0.866 0.28 0.24 0.26 C.28 0.31 0.33 0.33 0.34 0.32 0.34 0.30 0.32 4.21 4.C5 4.14 4.32 4.25 4.10 4.2( 4.4A 4.CO 4.3? 4.30 3.58 
0.866 0.20 0.24 0.21 c.20 c.32 0.32 0.32 o.33 0.29 o.34 o.2q o.33 4.30 4.00 3.98 4.0Q 4.30 4.16 4.2C 4.34 3.86 4.27 4.15 ~.6n 
0.958 0.20 C.19 0.18 0.16 0.21 0.21 0.21 0.19 0.21 0.20 0.20 0.22 2.PO 2.74 2.~7 2.81 2.88 3.5~ 2.5f 3.16 2.51 2.67 2.7A 2.37 
0.958 0.20 0.18 o.1q C.18 C.2? 0.22 0.22 0.22 0.22 0.20 0.18 0.2? 2.80 2.74 2.~7 2.81 2.~A 3.5c:; 2.5f 0.51 2.~l ?.67 2.78 2.37 
0.9'58 0.20 0.1s 0.2c 0.11 c.21 0.22 0.22 0.21 0.22 0.21 0.1g 0.23 2. 71 2.t9 2.85 2.62 2.73 3.45 2.12 3.15 2.41 2.64 3.02 2.46 
CL 5820 5980 ~722 ~528 506P ~026 5258 5482 544q 4876 5416 5':\Q0 93t 966 9~4 p (-5 f 3 1 77( 7(:C. Hr. P57 .A4C P<n 8f-1 
~ 
..... 
T ltRLt I. 3. 
VALUES CFC* FCR rIFFERENT P* 
PRCBING HFtGHT; 34 IN FLO\J i<tiTF; 2.97 C.F.S. 
STATIC R~O HFIGHT= 4 IN c;cp EEN:- 40 ''1ESH 
PROBE P0INT1Nf. nrwN PROBE POl~Tt~r LP 
ANGLE Of P~ORJNG IN DFGRfES A~GlE OF PRrnING ,~1 ou; oF~S 
R* 0 15 30 45 60 75 qo 105 120 135 150 165 C l'i 30 45 60 E C,(' 1C5 l?C P 5 ] 5 0 ) f.- 5 
0.866 0.33 C.36 0.37 C.36 0.34 C.35 C.35 0.32 0.33 0.35 0.32 0.35 2.36 2.6r 2.se 2.<;4 2.42 2.e1t z.tt 2.~2 3.C'6 3.14 3.2q 3.45 
0.866 o.34 o.37 0.30 o.36 o.35 c.3s o.35 o.34 o.34 o.34 0.32 o.3q 2.4C 2.R5 2.68 2.80 2.33 2.eq 2.71 ?. 0 ~ 1.1~ 1.11 3.?Q 3.45 
o.,66 0.33 C.36 0.37 C.37 C.36 0.36 C.35 C.32 0.32 0.34 0.13 0.35 2.47 2.77 2.f.5 2.Q8 2.41 2.ec 2.~2 3.C5 3.c2 1. 0 ~ 3.41 3.3~ 
0. 7 64 0.41 0.41 0.41 C.44 C.4C 0.43 0.41 0.40 0.42 0.40 0.38 0.42 2.11 2.11 2.12 2.12 1.~4 ?.2t ?.42 2.sq 2.61 1.10 2.1q 3. 02 
o.764 0.42 0.43 0.41 C.46 C.41 0.44 0.42 0.40 0.42 0.41 0.39 0.41 2.20 2.2q 2.20 2.7P 2.00 2.2P 2.48 2.64 2.~5 2.74 2.A O 3. 04 
0.76't 0.42 0.40 0.40 0.44 0.41 C.44 0.42 0.41 0.41 0.42 0.37 0.43 2.21 2.36 2.14 2.6~ 2.01 2.lQ 2.47 2.66 2.67 2.78 2. 8Q ~.11 
0.646 o.so o.5, o.s1 c.52 o.54 o.~o o.~4 o.51 0.52 0.56 0.53 0.52 1.61 l.AO 1.60 2.70 1.54 I.et l.7E l.Q? ?.02 2.1? 2.13 2. 06 
0.646 0.50 o.~3 o.57 c.r;2 c.54 o.53 o.56 o.5I 0.52 0.56 C.53 0.52 l.68 1.73 l.61 2.22 1.57 1.e4 t.76 1.c6 ?.rR 2.16 ?.16 2.n1 
0.646 o.51 o.55 o.sq o.52 o.s1 c.51 o.55 o.53 o.54 o.54 o.54 o.54 1.62 1.75 1.62 2.17 1.58 t.e6 l.Pl l.q1 2.Q~ 2.lR 2.14 2.13 
0.500 0.62 0.72 0.14 C.6e C.6q 0.65 0.76 0.74 0.67 0.73 0.68 0.69 1.21 1.34 1.44 1.50 1.2~ 1.2g 1.31 1.5g 1.61 l.A, ].59 1.55 
0.500 0.62 0.72 0.74 C.68 0.6~ C.65 0.76 0.74 0.67 0.73 0.68 0.69 1.26 1.37 1.40 1.56 1.2r. 1.33 1.34 1.61 1.64 1.66 1.64 1.44 
0.500 o.5~ o.68 o.74 0.10 c.73 o.66 c.s1 0.10 0.10 o.75 o.66 0.11 l. 30 1.29 1.39 1.47 1.21 l.?5 1.2~ 1.62 l.fl 1.5q 1.54 1.~1 
o.zqo o.83 o.ee o.93 o.ee o.sq o.eg o.97 o.s1 o.es o.Aq 0.q2 o.86 l.C'4 1.15 1.21 1.-:10 1.01 I.CA l.IC l.lq t.15 l.77 1.20 I.lg 
o. 290 o.e3 c.ee o.93 c.ee c.e~ o.eg o.q1 o.a1 o.as a.sq o.q2 o.A6 1.os 1.16 1.1s 1.36 1.oc 1.cq 1.1c 1.22 1.1~ 1.~4 1.21 1.}R 
0.290 o.84 0.91 o.96 c.e~ 0.91 C.Gl o.qq 0.92 0.95 0.84 a.PR 0.90 l .o 2 1.18 1. 16 1. 31 l. 04 1,. 11 l.13 1.20 1.20 1.~6 1.24 1.21 
0.000 o.9e o.98 1.c2 c.q6 c.98 1.01 1.01 o.gs o.gq 1.02 o.98 o.98 0.98 0.97 1.02 0.98 C.98 I.Cl C.G~ 1.00 1.00 1.02 o.q8 1.00 
0.000 0.98 0.98 1.02 C.96 C.98 1.01 1.01 c.qs o.qq 1.02 o.9P o.qa 1.00 1.00 0.96 1.00 1.00 C.G~ 1.03 G.99 O.QG 1.00 l.C? I.Cl 
0.000 1.02 1.02 o.9e 1.04 1.02 c.q~ o.99 1.02 1.01 o.98 1.02 1.02 1.02 1.03 1.03 1.0? 1.02 I.CO O.Qc l.Cl l.Ol ').QR 1.C·l O.CJQ 
0.290 0.10 0.16 c.ec c.11 0.16 c.eo 0.01 o.74 0.10 0.11 0.1a 0.15 1. ~ 5 I.H 1.43 1.% 1.21 1.34 1.37 1.36 1.·:n 1.·:p 1.~9 1.~q 
o.zqo 0.10 o.76 o.8c c.11 c.16 a.so 0.81 o.74 0.1s 0.11 0.1A 0.1s 1.3q 1.37 1.46 t.55 1.2~ 1.36 1.~7 1.4? 1.45 1.1g 1.43 1. 42 
1).290 0.6e 0.83 0.87 C.81 o.7G 0.11 0.78 0.7A 0.74 0.73 0.80 0.7Q 1.42 1.44 1.41 1.51 l.lq 1.37 1.43 l.4C 1.45 l.~o 1.4~ 1.41 
o.soo o.46 c.55 0.51 c.s4 c.52 o.4'1 o.s1 c.s3 o.49 o.sz o.5? o.s1 2.25 2.24 2.21 2.18 1.Qr 1.sg 2. o r 1.90 2.cs 1.qA 1.q4 2.00 
o.soo o.47 o.~5 o.57 c.54 o.53 o.51 o.55 o.s2 a.so o.s1 o.53 c.sz 2.28 2.2g 2.37 2.27 1.~2 2.04 2.06 ?.01 ?.11 2.01 l. P.'5 ;>. 05 
0.500 0.49 0.59 0.53 0.55 C.53 0.53 0.55 0.55 0.51 0.53 0.54 0.51 2.30 2.30 2.31 2.2~ 1.05 l.G6 2.12 1.05 2.C6 ?.n~ ].AA ?. 0 7 
0.646 0.36 0.45 C.47 C.45 0.38 o.~7 0.43 0.3g 0.37 0.40 o.~1 0.3P 3.12 2.78 3.07 3.lA 2.4g 2.75 2.6f 2.7C 2.~~ 2.f7 ?.47 2.77 
0.61t6 0.37 0.46 0.48 0.46 0.3~ 0.36 0.44 0.40 0.37 0.41 0.37 0.39 3.12 2.73 3.07 ,.16 2.4q 2.75 2.75 2.1q 3.02 2.~1 2.50 2.A4 
0.646 o.36 o.46 o.48 o.45 c.3~ · 0.38 o.42 r.31 o.38 o.41 o.38 o.~R 3.00 2.A4 3.13 3.33 2.62 2.El 2.71 2.A3 ?.A4 2.74 7.'57 2.88 
o.764 0.30 0.35 0.36 C.1~ C.32 C.32 0.33 0.2Q 0.31 0.30 o.zq 0.31 3.9o 3.92 3.97 4.05 3.C6 3.46 3.2f 3.26 3.56 3.46 3.~6 3.66 
0. 764 0.31 o.36 o.35 c.1e c.32 o.33 c.34 0.2g 0.30 0.30 o.2q 0.32 3.9Q 3.92 3.gJ 4.0~ ?.C6 3.46 3.26 ?.26 3.~~ J.4~ 1.3A 3.66 
o.764 0.31 o.34 o.36 c.Ja c.31 0.32 C.34 C.30 0.30 C.31 O.?g 0.31 4.06 4.16 4.17 4.21 ~.12 3.62 3.3G 3.34 3.3n 3.A3 3.32 3.P3 
0.866 0.24 o.31 o.zg c.?.9 0.25 c.24 0.21 0.24 0.25 0.20 o.zs 0.25 4.6q 4.89 4.45 4.68 4.C3 4.20 4.14 4.24 4.17 4.1~ 3.7A 4.f9 
0.866 0.2s o.31 o.3c c.Jc c.2s 0.26 0.2s 0.24 0.26 0.2s 0.2s 0.2s 4.68 4.RQ 4.45 4.~8 4.C3 4.2C 4.14 4.24 4.17 4.12 3.7A 4.~3 
0.866 0.24 0.31 0.3C C.30 C.26 0.24 0.28 C.25 0.24 0.25 0.24 0.26 4.8~ 5.Cb 4.5P 4.q~ 4.2~ 3.~7 3.9~ 4.44 4.27 ~.i~ ?.Q4 4.hQ 
0 .9'iR 0.14 0.1s 0.15 C.16 C.14 C.16 0.16 0.14 0.14 0.12 o.]4 0.15 3.2~ 3.sq 3.28 3.~~ 3.37 3.to 3.23 3.3~ 3.48 3.49 3.18 4.oo 
0.958 0.15 0.16 0.15 C.16 C.14 0.16 C.16 0.14 0.14 0.12 C.t, 0.15 3.21 3.59 ~.28 ~.3~ 3.31 3.60 3.23 3.31 3.4~ 1.4q 3.IA 4.0n 
o.gr;a 0.15 C.16 0.14 C.15 C.15 C.l, C.14 0.14 0.14 0.13 0.14 0.14 3.33 3.55 3.15 ).15 ?.2~ 3.~6 3 .33 ~.25 ~.39 3.61 ~.25 4.?2 
CL 40ec ~8~8 37fE 3~54 ~75C 37F~ 3592 3e28 38lq 3Al} 3Ql 2 3Q21 12, 715 7fl He F~C 737 73c fC? ff.? ,',-:\Q ~'1 6 643 
..i::-
I\) 
T /ISLE 1.4 . 
VALU£S rF c• F0P rIFFERENT R• 
PROi-t NG HF IGHT = 10 IN FLOW PATF = 3.10 C.F.<;. 
ST4TIC BEO HEIGHT 4 IN SCPFFN:- 40 "'ES~ 
PPQBF POINTt~G OCWN pqnaE POINTI M~ UP 
4NGLE OF PR~BING IN OFGPFES A~Glf flF PROBl~!f; H i Ofr.pp:<; 
R• 0 15 30 45 60 75 90 lC5 170 135 150 165 0 1 r; 3C 45 60 7'5 <;() 1 (.'i l.? /1 pr; p;n l6'i 
0.815 0.54 c.5'5 0.51 0.53 c.5C C.42 C.53 0.40 0.44 0.3~ 0.32 0.38 2.or; 2.37 2.42 ?.86 3.32 3.55 3.QC 7.34 z.zr; l.71 2.1~ 1.8~ 
0.875 o.se o.s2 o.45 c.53 c.54 o.45 o.~o 0.41 o.43 o.42 o.33 o.3~ 2.02 2.43 2.s1 2.14 1 •• ,. 3.~o 1.1s 2.74 2.4~ 2.1a 2.1& l.qo 
0.815 o.53 o.48 o.4q o.sr; c.49 o.46 o.s1 o.42 o.4q o.44 o.1r; 0.1a 2.oq z.zq z.s, z.q1 1.26 1.60 1.11 2.11 2.34 2.26 2.oq 1.P3 
0.844 o.s1 c.59 o.sa o.s1 c.48 c.47 o.53 0.42 o.47 o.42 o.1q 0.11 1.q3 2.or; z.53 1.63 1.11 1.1~ 3.o~ 2.16 2.11 2.21 1.11 1.eo 
o.844 0.60 o.56 o.ss o.sa o.ss o.4A o.sa 0.42 0.51 o.43 0.11 0.16 1.qs 2.20 2.66 2.16 1.26 1.4~ 1.1q z.zq 2.zz 2.13 ?.oQ 1.A1 
0.84'i o.s6 o.sz o.6C c.ss o.ss o.4q o.s1 o.43 o.r;1 o.45 o.40 o.38 2.00 2.22 2.6C 2.72 3.7.z 3.33 3.14 2.31 ?.20 2.25 2.04 1.~2 
o.1s1 o.64 o.~e o.62 c.64 c.68 o.54 o.54 o.45 o.4R o.48 o.38 o.45 1.5a 2.13 2.1c 2.25 2.e~ 1.01 2.55 1.q5 2.22 1.11 2.~1 1.77 
O.TBl 0.60 0.67 0.64 C.63 C.6~ 0.58 0.63 0.44 0.53 0.45 0.38 0.42 1.61 2.os 2.21 z.2~ 2.q1 1.11 2.s~ 2.r4 2.3P 2.01 z.o~ 1.,1 
0.181 0.62 o.63 0.61 c.~5 c.63 o.57 0.62 o.46 o.4q o.54 o.39 o.44 1.60 2.18 2.11 2.11 2.q1 1.16 2.sc 2.04 z.1q 2.1s 2.0~ 1.12 
O.ll«J 0.11 C.6q O.lC C.lO C.66 0.61 0.67 c.4q 0.49 o.57 0.43 0.47 1.ze 1.tq 1.,s t.96 2.5f 2.,c 2.2e 1.s, 2.14 1.90 1.e~ a.46 
o.11~ 0.11 O.Tl 0.72 C.68 0.71 0.58 0.71 0.50 0.56 0.51 0.46 0.50 1.32 1.14 1.1111 1.CJ4 2.~• 2.t6 2.18 1.73 Z.24 1.92 l.l~ 1.49 
0.119 0.14 o.66 o.69 c.15 o.65 0.62 o.66 o.5z o.54 o.s2 o.•s 0.41 1.29 1.6, 1.19 1.97 1.1~ 1.t1 2.2~ 1.18 2.11 1.qz 1.so 1.s1 
0.6'56 o.~1 0.11 0.11 c.12 0.1@ c.1c 0.10 o.s1 o.5@ o.64 o.s1 o.53 1.23 1.4, l.!2 1.51 l.98 1.11 2.12 1.52 1.q3 t.6- t.57 1.42 
0.61J6 o.e1 o.so o.ec c.75 c.75 c.1e 0.10 o.55 0.62 o.66 o.51 o.51 1.29 1.52 1.71 1.55 2.C4 2.36 2.t~ 1.56 2.01 1. n t.65 t.]45 
0.656 o.1q o.76 o.74 c.;~ c.19 o.73 0.10 o.s1 0.60 o.62 o.s1 o.55 1.35 1.54 1.1c t.63 2.00 2.12 2.1~ 1.48 t.Q6 1.10 1.~1 t.41 
D.594 o.@6 c.e6 o.a4 c.~3 0.1~ 0.1s c.79 o.5R o.61 o.65 o.56 o.,e 1.15 1.1s t.5~ 1.16 1.11 1.,e 1.e1 1.1t 1.1c 1.~P 1.so 1.Jl o.,.,. o.~5 o.A4 o.ee c.eh c.1s 0.10 o.7R o.64 0.62 o.65 o.s1 o.54 1.15 1.11 t.54 1.,, 1.,e 1.e6 1.1e 1.3q 1.a, t.r;e 1.~1 l. 26 
o.~,. o.84 o.88 0.01 c.e2 c.eo o.eo o.eo 0.61 o.63 o.64 o.56 o.59 1.11 1.19 t.59 1.Jq 1.ss 1.11 1.15 1.43 1.e1 1.~1 1.51 1.~o 
o.511 o.qo c.91 o.e6 c.91 o.P4 o.ao o.a5 o.67 0.15 0.14 o.60 0.62 1.0~ 1. lT 1. 20 1. 21 1.6, 1.e3 1.s~ 1.29 1.56 1.1to 1.51 1.1e 
o.n1 o.ae o.q3 o.q1 c.91 c.~o o.76 o.86 0.11 o.68 o.68 o.58 o.64 1.01 1.12 1.11 1.2~ 1 •• , 1.ec 1.51 1.24 1.61 1.•6 1.,, t.21 
0. 5~1 o.Aq o.q4 a.a~ c.q3 c.1e o.75 o.86 0.12 0.1, 0.13 o.63 0.61 1.10 1.1, 1.14 1.25 t.65 t.@6 J.5e 1.21 1.6J t.41 t.bl 1.2? 
0.469 o.e9 c.9o o.qJ c.qq c.e1 o.8q o.e4 0.10 o.s2 0.02 0.61 o.68 1.16 1.2? 1.01 1.0• 1.•q 1.1q 1.zq 1.20 t.4? 1.3q 1.2• 1~16 
0.469 o.e1 c.@6 c.e~ c.q1 c.10 c.91 o.84 c.12 o.74 o.79 o.61 0.11 1.07 lelJ l.J) o.q6 1.38 l.42 t.15 1.21 1.4A 1.51 t.l5 1.19 
0.469 o.qo C.92 o.91 1.c1 c.ez c.q1 o.a1 0.11 0.1a o.76 o.63 0.10 1.12 1.18 1.10 1.06 1.46 1.~J 1.,1 1.21 1.45 1.48 1.21 1.1, 
0.406 0.92 1.00 o.97 1.c2 c.95 1.02 c.~1 c.11 0.11 c.@J o.67 o.16 0.99 0.9A 1.22 0.98 t.45 1.16 1.14 1.17 1.14 l.?4 1.2~ 1.11 
0.406 0.92 1.00 o.97 1.c1 c.90 1.01 o.91 0.1, o.76 0.03 o.&4 o.76 1.12 1.01 1.15 1.01 1.26 1.1q 1.11 1.1e 1.35 1.zq 1.21 1.1~ 
0.406 o.95 1.oc o.9E c.~P c.94 1.01 0.91 c.19 o.76 o.79 o.66 0.1a 1.01 1.01 1.13 1.05 1.)8 l.41 1.13 1.21 1.41 1.2~ 1.20 1.08 
0.344 c.q1 1.02 c.94 c.~s c.91 : 1.oq o.eq c.11 o.sz o.q3 o.eo o.76 1.02 c.~1 1.c1 1.0~ 1.3, 1.12 1.11 1.04 1.1& 1.2• ,.,~ 1.0, 
0.1~ 0.91 1.02 o.q,. c.q6 c.9e 1.09 o.89 o.e1 0.1s o.93 0.11 0.11 1.06 1.02 1.10 o.qq 1.,1 1.21 1.11 1.0~ t.44 1.26 1.12 1.04 
O.J'ilt o.q3 c.qe q.qz 1.02 1.~1 1.14 c.93 o.eo o.s1 o.se c.81 0.15 1.oz 1.os 1.c• 1.01 1.1c 1.21 1.0~ 1.cz 1.J~ 1.21 1.~, o.96 
0.281 I.Cl 1.04 1.04 l.C'5 O.C,5 1.0? C.95 C.18 o.tH o.Q2 0.8q o.,e 1.01 c.99 o.91 o.93 1.11 1.2e 1.oc c.94 1.01 1.26 1.,1 l).q~ 
o.2s1 0.96 1.04 1.04 1.05 r.9C 1.02 C.95 0.80 o.P5 o.92 0.88 C.81 1.00 0.91 1.04 1.03 1.12 1.26 1.01 c.pq 1.1s 1.16 1.2~ o.qq 
0.281 o.q6 1.02 o.97 1.02 1.ro 1.0~ o.97 0.11 o.~6 0.94 o.e6 a.so o.99 o.95 o.99 J.Qq 1.1~ 1.21 o.q1 o.qz 1.11 1.~q 1.16 o.~1 
0. 219 1.01 1.01 c.9~ 1.1c 1.04 1.12 c.qz o.AJ o.s1 o.95 o.ea o.B4 o.91 0.91 1.06 o.~1 1.01 1.,1 1.n~ c.q~ 1.12 1.26 1.1• 1.02 
0.219 1.01 1.01 o.9~ 1.10 1.01t 1.12 o.qz c.~a o.eq o.qs o.eq c.e, o.eR o.q~ 1.04 o.86 1.0• 1.2@ o.qe o.q5 1.16 1.1~ 1.10 o.96 
o.l19 o.qq 1.05 c.qe 1.00 o.q1 1.c6 c.91 o.s~ 0.91 o.q6 o.9? o.~6 o.se o.q~ 1.02 o.91 c.98 1.1@ 1.of c.91 1.oa 1.21 1.11 ~.aq 
0.156 o.qq 1.01 1.01 1.02 c.q1 1.12 a.qe o.q1 c.91 o.qq o.qz o.q, 0.92 o.q~ 1.02 o.91 1.00 1.15 a.~• o.eff 1.06 t.~4 1.1~ o.q~ 
0 .156 o.qq 1.03 1.01 1.02 C.97 1.12 C.98 C.91 0.97 0.99 o.q, o.~9 0.91 0.87 C.9~ O.Gt t.cz 1.11 c.~~ o.R1 1.cR 1.n~ 1.01 ~.q~ 
0 .156 o.96 c.9a o.96 1.oe 1.c5 1.1c c.q1 o.q6 ~.96 1.01 o.q4 c.9? o.94 0.92 0.96 0.95 o.qe 1.oq 1.0• c.~c 1.04 1.r4 1.1r o.97 
o.oq3 ~.QO C.97 1.01 1.r6 1.00 1.ce C.9! C.90 o.q4 1.01 O.QO c.q6 o.q3 1.co o.q1 0.87 1.08 1.1~ c.qq 0.85 1.01 1.c, ,.~Q ~.aq 
0 .09-, 0.90 c.q1 1.c1 1.06 1.oc 1.oR c.q@ c.qz o.98 1.05 0.9c o.9t o.99 1.c.R o.qt 0.91 1.c1 1.12 1.c~ o.q, 1.06 1.or; 1.1, ~.97 
o.ocn o.q4 1.01 o.q1 1.tc 1.06 1.cG c.95 o.e1 o.96 1.01 1.01 0.01 ~.95 1.02 1.oc o.q1 1.01 1.0~ 1.01 r.RG o.9G 1.os 1.12 c.q5 
0.011 1.00 O.Q6 o.oQ 1.04 r..oJ t.06 C.98 C.05 1.02 O.QA 1.00 o.qq 1.00 0.9T 1.02 0.9~ 1.0! 1.C4 C.QC C.91 1.01 1.04 1.15 0.91 
o.on 1.oc c.96 o.qG 1.04 c.~4 1.r6 c.9?. 0.93 1.c3 o.98 1.~o o.99 0.98 0.01 1.04 I.Cl 1.01 t.Ce 0.9E c.qz l.C? ~.oq 1.12 0.06 
0.031 o.q1 1.05 C.9~ c.01 1.00 1.09 1.03 C.R8 1.C4 1.~3 o.qq c.o .. 1.01 ~.oq l.C5 c.qq 1.07 l.lC c.qc c.q5 r.q~ t.rl 1.0~ 0.9h 
+:" o.o o.qq C.99 t.01 1.01 1.01 1.10 1.~2 o.q9 1.03 1.00 1.~c o.go 0.9~ 1.f~ l.f3 1.01 l.O~ 1.Cl c.o~ t.r1 r.off 1.r~ 0.Qh l.f4 
o.o c.oq o.qq 1.01 1.c1 1.n1 1.1~ 1.02 o.Ro 1.01 1.co 1.~c C.99 I.OZ c.q4 1.01 l.~3 C.GE l.C2 1.03 r.97 r.99 c.nq 1.r~ o.oq u.) 
o.o 1.01 I.Cl C.9~ C.G~ C.9G 1.12 C.9P C.91 c.01 1.00 l.OJ 1.01 1.00 1.r2 0.01 ~.Qf c.q~ c.c1 1.04 1.r~ 1.0? c.a~ •• ~7 r.01 
TABLE 1.4. (contd.) 
PP0BE Df[NT[~G CfWN ocneF PrP-'T II'": 1 o 
~NGL= rF PRrRfNG IN rFGRF=S bf\! (;( C nf PP rH H:r, '~I ')f r,p E F s 
R* (1 15 10 45 f:C 75 9C l" 5 120 135 15( 16': 0 l 'i 3C 4'3 fO 1'; <":C 105 12(: 13 " 1"" 16 5 
O.OH C.9A o.oe 0.9<; C.94 C.9A 1.16 0.95 0.93 1.11 C.93 1.03 0.99 1 .02 1.05 1.06 0.9c C.92 1.07 o.c? 1.01 c.01 o. QF, 1. 11 1. 11 
0 .o 31 0.9P 0.98 o.gc; C.96 C.97 1.16 0.95 O.Q~ 1.11 0.93 1.03 0.99 0.9Q 1.03 1.01 1.04 1.1)1 1.CP o.oc l.C6 c.03 l. C, 2 1. 1 'i 1.n 
0.031 0.95 1.04 c.c:;-, c.c;f'I 1.r;, 1.13 c.92 n.cis l.lC O.Ol 1 .rq C.99 1.oc 1.0rJ 1.(4 C.9f c.c;<; 1.cP 1.r1 1 • C q C. 94 1 • r 'i l. 1 1 1 • 15 
0.09" 1.00 C.95 0.01 1.01 C.93 l.l5 l.C5 O.f'l7 1.06 0.91 1.04 1.00 1.0~ 1.03 1.07 C.96 0.01 l.Oq 1.06 (.QR r.96 1. 04 1.10 1.01 
o.o<n 1.00 1.01 c.q 1.c1 c.9<; 1.15 1.cs c.n l.N, 0.91 1.04 1.00 1.0 3 1 .09 l.C" C.H C.<;P 1.cc; 1.c2 1.cr c.qc; 1.01 1.04 ~ .06 
0.093 0.94 1.01 0.9~ C.97 C.98 1.15 0.9<; 0.90 C.99 0.97 1.01 0.07 1.06 1.01 1.10 0.90 1.00 1.11 1.01 c.95 1.cc 1.~1 1. f'.8 l. 00 
0.156 O.R9 1.04 0.96 1.00 C.91 1.C4 C.95 0.90 1.02 0.93 1.02 0.99 t.21 c.99 1.12 1.c4 c.c;f 1.01 1.01 1.co 1.11 1.12 1.22 1.14 
0.156 0.93 1.04 0.96 1.00 C.96 1.04 0.95 0.93 1.0? 0.93 1.02 0.99 1.13 0.96 1.13 1.01 1.or 1.10 1.01 1.c1 1.1s 1.r6 l.?5 1. l"' 
0.156 o.c;1 1.C~ C.91 I.Cl C.99 1.(8 1.02 C.94 C.95 0.92 1.01 1.co 1.21 1 .O'i 1.11 I.CC I. C t, 1.c1 1.CE 1.C4 1.1? 1.C6 1.17 1.15 
0. 219 o.91 o.94 o.95 c.94 1.01 1.oa o.qo n.89 o.98 o.92 o.q1 o.99 1.13 1.15 1.16 1.01 1.01 1.01 1.02 1.01 1.r6 1.1Q 1.19 l. ;,4 
0. 219 Q.8~ C.94 a.GS C.97 1.c1 1.cs o.9C c.93 o.98 o.92 0.01 o.qQ 1.11 J.17 1.2c l.C4 l.C4 1.14 l.C6 1.r,; 1.1, ~.po 1.,5 1.21 
0. 219 0.86 1.02 0.93 C.92 C.98 1.00 0.9( 0.90 0.97 O.AP 0.99 1.00 1.15 1.08 1.21 1.01 1.04 1.0~ c.o~ Q.OR 1. l O 1. l 0 1 • 44 1. 22 
0. 281 0.87 C.90 0.91 C.E5 C.96 1.r,e C.9C C.86 1.02 O.A7 1.09 1.00 1.16 1.26 1.25 1.01 1.1s 1.1~ 1.1~ 1.24 1.16 1.10 1.40 1. 21 
0. 281 0.93 o.86 C.PB O.R8 c.08 I.CA 0.90 O.R8 1.02 0.86 1.02 1.00 1.14 1.24 1.22· 1.14 1.09 1.11 1.23 1.17 1.20 1.16 1.,1 1.17 
0. 281 0.85 C.92 0.9C c.e1 C.95 1.05 C.94 C.90 o.qq 0.81 1.02 C.99 1.13 1.21 l.lG 1.04 1.lt 1.14 l.?C 1.24 1.22 l.?2 I.lo 1.21 
0.344 0.79 0.82 0.86 0.81 C.87 1.01 0.90 O.A5 C.93 o.e1 0.01 0.96 1.11 1.32 1.29 1.24 l.~2 1.23 l.lc J.24 l.~G 1 0 •6 1. 6:? 1.4, 
0.344 0.81 0.81 0.83 c.es C.91 1.01 C.90 0.87 0.93 0.87 0.97 0.96 1.34 1.34 1.;5 1.26 1.21 1.28 1.22 1.21 1.4, 1.25 ].'i'i l. ,,. 
0.344 0.83 0.83 o.e4 C.81 C.92 1.05 C.93 C.PA 0.90 0.91 1.01 c.01 1.38 1.39 1.20 1.20 l.3C 1.2s 1.2c 1.30 1.~G 1.?Q 1.i;1 1.3q 
0.406 0.78 0.11 0.78 0.86 0.81 1.04 O.A5 0.86 0.87 0.84 0.97 0.94 1.22 1.47 1.79 1.38 1.22 1.10 1.34 1.33 1.59 l.?~ 1.12 1.51 
O.lt06 0.19 o.79 0.11 c.es o.e4 1.04 o.87 c.R9 o.A7 o.79 o.91 o.94 1.30 1.54 1.28 1.44 1.26 1.~1 1.2<; 1.4" 1.52 l.?7 l.P~ 1.40 
O.lt06 o.78 o.11t o.73 c.e1 c.79 1.02 o.83 o.88 o.9, o.79 1.01 o.o5 1.36 1.60 1.24 1.39 1.26 1.36 1.,1 1.42 1.43 1.,J 1.10 1.57 
O.lt69 0.65 0.12 0.6S C.74 c.Bl 0.89 0.78 0.80 0.01 o.75 0.91 0.87 1.34 1.48 1.21 1.74 1.2c 1.28 1.3t 1.~i; 1.s~ 1.41 1.a4 1.66 
O.lt69 0.69 0.74 0.68 C.76 C.14 0.91 O.Bl 0.79 0.90 0.76 0.94 0.90 1.36 1.49 l.ltl 1. 66 1 • 33 1. 31 1.~2 1.67 l.1',l 1.54 1.~1 1. 60 
0 .lt~9 o.64 c.11 0.11 c.76 c.11 c.93 c.ec o.82 0.90 0.80 o.93 o.B8 1.49 1.57 1.3G l.~~ l.~l 1.~3 1 •• ~ 1.69 1.62 1.43 1.90 1.11 
0.531 o.59 o.59 0.10 c.1s o.e1 o.es 0.18 0.11 o.75 o.67 o.89 o.78 1.63 1.62 lo44 1.69 1.46 1.62 l.5t 1.~3 1.97 l.A6 2 0 03 l. A6 
0. 531 o.63 c.~2 o.61 c.11 c.ec c.e1 c.11 c.19 o.6G 0.11 O.P6 0.78 1. 73 1.65 I.Sit 1.71 1.55 l.f4 1.5~ 1.77 1.~5 1.05 l.Q4 l. "' 0.531 o.63 c.63 0.11 c.12 o.84 o.ao o.a2 0.1s 0.11 o.68 o.f'l9 o.76 l.69 1.14 1.49 1.77 1.57 1.71 1.5c 1.7~ l.QC 1.Q2 ?.00 l.Ql 
o.sq4 o.57 c.58 o.56 c.~2 o.t.1 o.74 c.11 ~.62 o.65 o.63 0.19 o.77 1.65 1. 7r:, 1.56 l.97 1.52 1. 11 1.74 2.07 2.07 2.,3 2.47 2~C6 
o.5q4 o.5q 0.60 0.55 0.60 C.7C 0.75 0.73 0.63 0.65 0.62 O.Bl o.75 1.65 le6A l.~C 2.02 1.43 1.74 1.1c 2.00 2.17 2.?A ?.52 2.12 
o.5q4 0.52 0.56 0.5~ C.65 C.63 0.73 0.75 0.61 0.63 O.hl 0.11 0.18 1. 70 1. 6 2 1. 51 1.93 1.57 1.18 1.7~ ?.C5 2.C7 ,.lR 2.49 2.17 
0.656 0.47 0.55 O.SC C.64 C.64 C.63 0.69 0.59 0.61 0.55 0.71 C.74 l.q6 1.07 1.92 1.95 l.7f 1.c:;3 l.8S 2.25 2.45 2.42 2.62 2.4A 
0.656 0.46 C.57 O.SC C.64 C.61 C.f5 0.71 0.56 0.64 0.51 0.68 0.70 2.00 2.01 1.9? 2.r2 1.12 1.P~ 1.qf ?.~3 2.41 ?.4A 2.6, ?.41 
0.656 o.52 o.sa o.45 c.11 0.60 o.t2 o.67 o.s1 o.sq o.58 0.12 0.11 1.96 2.(12 1.11 1.qf t."2 2.co 1.84 2.26 2.4A 2.,1 2.50 ::>.40 
o. 71q 0.47 0.54 0.46 C.55 C.53 0.55 0.62 0.47 0.54 0.52 0.67 0.63 2.05 2.21 2.01 2.20 1.90 2.2~ 2.1~ 2.79 2.50 2.71 2.79 2.n 
o. 719 0.4e o.53 o.41t c.61 c.48 o.54 o.59 o.5o o.5o o.50 o.62 o.61 2 .o l 2 .13 1.98 2.2P 2.11 2.4C 2.1? 2.77 2.55 2.R, 2.89 ?.R7 
o. 719 0.44 0.48 0.41 C.61 C.50 C.53 C.6C C.48 0.51 0.50 0.65 0.63 2.07 ?.14 2.02 2.15 2.(1 2.26 2.1~ 2.P2 2.63 2.10 2.A2 2.P2 
o.1s1 0.39 o.39 o.3q o.48 c.45 c.41 0.52 o.43 o.48 o.46 o.63 o.56 2.45 2.56 2.28 2.47 ?.17 2.32 2.34 2.79 1.?.G ,.co 2.06 ,.07 
0.781 0.37 C.37 0.3~ C.40 C.lt7 C.44 0.51 0.42 0.46 0.47 0.62 0.57 ?.41 2.53 2.17 2.39 2.?4 2.36 2.3t ?.P1 1.25 3.0~ 2.A4 3.21 
0.781 0.41 C.40 0.3€ C.44 C.46 0.4A 0.48 0.44 0.47 0.47 0.61 0.58 2.37 2.49 2.19 2.32 2.26 2.41 ?.?P ?.cl 3.(7 2.Q~ 2.7N ~.14 
0. 844 0.39 0.39 0.35 C.39 r.34 0.39 C.47 C.3Q 0.46 0.42 0.47 0.49 2.55 3.02 2.53 2.5q 2.~q 7.17 2.4~ ,.15 3.20 3.75 3.3? ,.50 
(.844 0.36 0.10 0.34 C.39 C.35 0.42 0.48 C.1Q 0.45 0.41 0.46 0.49 ?.57 2.06 2.r:.4 2.64 2.4~ 2.ts 2.41 3.r5 3.22 1.40 3.5l 1.44 
O.A44 0.40 0.36 0.31 C.46 c.~6 0.41 0.46 0.3A 0.43 O.Jq n.49 0.47 2.56 3.04 2.47 ?.61 2.41 ?.7C ?.39 3.C7 1.20 3.?7 3.~R 3.41 
1).875 0.32 0.34 0.35 C.41 C.36 0.37 0.38 0.32 0.37 0.41 O.lt5 0.47 2.18 1.02 2.12 2.64 2.so 2.t6 2.e1 3.65 1.68 3.~A 4.n1 3.46 
0.875 0.30 0.37 0.34 C.42 C.33 0.3A 0.37 0.13 0.31 0.41 C.43 0.47 2.,-1 2.06 2.66 2.73 2.t:c 2.1c 2.1? 3.77 ~.so ~.55 4.r6 , .... , 
O.A75 0.30 0.38 0.32 C.45 r.32 0.36 n.41 C.14 0.37 0.41 0.4,. 0.4A 2.59 2.QS 2.72 2.75 ?.Sf 2.74 2.A4 3.AO 3.66 ,.r:.2 4.12 ,.38 
0.906 0.31 C.28 0.3~ C.4C C.30 C.13 O.ltC C.29 0.32 0.3Q Q.45 0.44 2.9~ 3.35 2.11 z.t4 ~.e~ 3.16 3.02 3.95 ,.35 3.µ1 4.?4 ~.q6 
0 .91')6 0.30 0.31 0.33 C.41 C.34 C.33 C.18 0.31 C.32 0.37 C.42 0.45 2.Q5 l.11 2.63 2.6~ 2.7<; 2.co 2.~7 4.11 1.4A 3.~6 4.,o 4.0P 
0.906 o.?6 c.21 o.32 c.1A c.32 c.~? c.,5 c.11 o.32 0.31 0.41 c.45 3.00 3.15 :?.7C 2.77 ?.ef 3.C7 3.C~ 3.qo 1.1q 1.85 4.42 4.10 
0.960 0.16 0.22 o.1q c.20 0.14 c.23 0.24 0.24 0.21 0.40 0.21 o.35 2.24 2.36 2.21 2.10 2.?~ 2.36 1.cc ~. ~'i ~.~3 1.15 ~.74 ~.10 
0.969 0.15 0.25 o.Jc c.21 r.3c c.?.4 c.21 c.?s 0.21 o.3q o.24 0.3~ 2.33 2.41 2.1<; 2.07 Lol': 2.~5 l.GJ 7 .14 1.t~ 1.7,-. ~.~ 6 3.QO 
o.q,r_,q 0.19 0.23 0.18 0.2C C.3, 0.27. c.21 0.23 0.2, 0.40 r.26 c.~6 ?.24 2.'l 2.04 2.14 ?.~1 2.zo J.G5 ~.lA 1."l 3.1~ ~.~~ ~.a<: 
-I= 








































T Al3L [ 1.5. 
VALUE<; CF c• FCP rIFFERFNT P• 
PRC!'\ ING HEIGHT = 22 l"J FLnW RATr = 3.10 C. IC.<:;. 
STATIC REn ~EIGHT= 4 JM SCRH~ :- 4r, >Af:S I-" 
PPCBE POINTING GC~N PQnOE PO[NTI~G UP 
ANGLE ()F PRnfH t\lG IN flEGRHS . J\NGLF nF PPrnlNG H · [)F/"'..l='F!:-S 
0 15 30 45 fO 75 qc 1 or; I 20 135 1 'ii) ](,<; 0 15 ,(I 4" t-r 75 Q(' IG5 l ?(; nr:; 1~ 0 H , r:; 
0.13 0.35 C.66 C.66 C.31 0.32 o. 3 2 o. 31 0.36 0.35 C.36 0.33 5.31 4.76 4.49 4.43 3.GR 4.04 4.35 3.Pl 4.04 3.Ql ~.45 3.69 
0.34 0.3~ 0.62 C.6A 0.31 o. -..1 0.33 0.32 0.36 0.35 0.37 0.34 s.·:n 4.76 4.49 4.43 3.G8 4.C4 4.35 3.el 4.C4 -...gl ,.45 1.f-9 
o.34 o.36 o.e1 c.e9 c.32 0.12 0.12 o.33 o.35 o.35 o.·n 0.1, 5.57 5.05 4.10 4.49 4.CA 3.82 4.'i4 3.PQ 3.71 3.76 3.24 1.P3 
0.41 C.44 0.83 C.~9 C.3P 0.39 0.41 C.3~ 0.40 0.41 0.43 0.44 3.86 3.74 1.f8 1.37 "J,.2C 3.47 3.44 ~.?4 3.4? ?.RR 2.R3 3.17 
0.44 0.44 o.1e C.R9 C.39 0.39 0.40 0.39 0.39 0.44 0.45 0.45 3.R6 3.74 3.f,8 3.37 3.2( 3.47 1.44 1.?4 3.42 2.RA 2.R3 3.17 
C.42 0.44 O.G7 C.G6 C.39 0.40 C.41 0.40 0.40 0.42 0.44 0.45 3. 71 3.60 3.96 3.4A 1.Cl 3.78 3.2~ 2.se -...,4 1.1g 2.1,:; ,.r6 
0.53 C.55 O.Q7 C.96 C.48 0.47 0.54 0.46 0.50 0.53 C.58 0.54 2 .t-0 ?.4R 2.75 ?.75 2.18 2.51 2.64 ?.51 2.''1 2.?0 ?.71 ?.OQ 
0.53 0.'35 l.C3 l.C4 C.48 0.49 0.54 0.48 0.50 0.53 C.58 0.54 2.60 2.53 2.E8 2.89 2.2f 2.f-7 2.Pl 2. 62 ?.fl 2.1° 2.-.., 2.1" 
0.51 0.55 O.BO C.77 C.5C 0.50 0.58 0.4g 0.5? 0.56 0.54 0.52 2.65 2.44 2.e2 ?.10 2.21 2.tl ?.7G 2.65 ?.64 2.75 2.34 2.0~ 
0.6q 0.72 0.8C C.77 C.64 0.65 O.bq 0.66 0.62 0.71 0.72 0.68 l .<?6 1.~3 1.5P 1.f:10 l.'i? 1.~8 1.7(: 1.71 1.75 1.11 l. 6?. l .fi 1 
o.69 o.1q o.1q c.~2 o.64 o.65 o.6q o.66 0.62 0.11 0.12 o.68 2 .o 5 1.85 l.fC 1.81 l.6C I. 6 2 l. 8 4 l • AC l • 84 1 • 7 6 l • f: ~ 1 • 4 'I" -
o.73 o.s1 o.so c.53 c.61 C. H 0.12 0.6q 0.64 0.65 0.76 0.10 1.qq 1.88 1.6 8 l.8R 1.55 1.(:6 1.8c 1.1Q 1.1s 1.15 1.~R 1.56 
o.q1 o.57 o.sc c.53 c.87 o.87 o.87 o.R5 o.R7 O.Ql o.c1 o.92 1.35 l.2Q 1.19 1.18 1.12 1.26 1.24 1.15 1.31'1 1.,6 1.?5 1.34 
o.q1 o.55 o.51 C.55 C.87 0.87 0.87 0.85 0.87 0.91 O.Ql 0.92 1.41 l.2R 1.11 1.20 1.2c 1. 3R 1.-..~ I.IQ 1.38 l.3Q l.~~ 1.35 
o.95 o.42 o.42 0.40 c.93 o.ao o.q1 o.ao o.A4 o.95 o.97 o.qt, 1.33 1.35 1.29 1.24 l.l'i l.~5 t.2fl 1.15 l.-:\5 1.-..1 1. 2,; 1. ~? 
0.96 0.44 0.43 C.41 1.02 C.Q6 C.97 1.03 O.Q6 1.01 1.01 o.ci1 1.01 1.00 0.9S o.go 0.96 1. oc 1.r1 1.00 1.r4 a.co 1. r:? l. C' 2 
0.96 C.43 0.42 C.42 1.02 0.96 0.97 l.O~ 0.96 1.01 1.01 0.97 0.98 0.99 C.Q7 l. OC l. C4 1.c2 1.rc c.9q o.96 0.9q 0.91 1.n1 
1.04 0.32 0.30 C.3l C.98 1.04 1.03 0.97 1.04 0.99 o.qq 1.03 1.02 1.01 l.C3 I.Cl 1.cc c.se c.9c 1.02 1.00 1.0? 1.01 0.97 
o.1e c.33 0.29 o.34 0.01 c.1q 0.19 o.e6 0.11 o.79 o.1q o.76 l. 3 fi 1.42 1.37 1.26 1.11 1.21 1.21 1.22 1.41) l.2f- 1.11 1.37 
0.7A C.32 0.31 C.13 c.e3 C.79 0.79 0.86 0.11 o.1q 0.79 0.76 1.28 1.45 1.46 1. 31 l. 21 1.21 l.lP l.?4 1.45 1.27 l.~4 1.4'5 
0.12 0.25 0.25 C.71 C.84 0.74 0.11 o.R4 ~.72 o.74 0.12 0.81 1.30 1.39 1.44 1.2g 1.1f 1.25 1.2!' 1.n 1.45 l.?~ 1.49 l.4R 
0.52 C.27 0.24 0.29 C.57 C.56 0.52 0.60 0.51 0.57 0.51 0.49 2.n 2.31 2.22 l.RO 1.77 l.fl7 l.A~ l.qA 2.,5 J.Q6 ?.D 0 2.?P 
o.52 0.26 0.26 c.21 c.57 o.56 o.52 o.60 o.s1 0.51 o.51 o.48 2.43 2.25 2.2~ 1.83 l.E2 l.eP 1.q:_:i 2.01 2.46 2.0R ?.l~ 2.3A 
0.4A C.l7 0.15 C.16 C.6C 0.58 0.4q 0.58 0.52 0.52 0.53 0.50 2.42 2.39 2.14 I. fl4 1.1c 1.~4 1.ss 1.9? ?.41 2.f'5 2.12 ?.24 
0.40 C.17 0.16 C.16 r..38 0.39 C.37 0.44 0.37 0.42 0.37 0.34 3.56 3.0Cl 3.12 2.42 2.45 2.56 2.~l ?.~o ?.94 2.~l 2.Pf, 3.40 
0.3R 0.16 0.16 C.17 C.4C 0.41 0.37 0.4~ 0.38 0.42 0.38 0.35 1.56 3.0Q 3.12 2.56 2.f? 2.63 2.7( 2.77 ,.04 2.~1 ?.'l6 3.4('\ 
0.41 0.00 O.OC C.CC C.39 o.3q 0.38 0.45 0.37 0.43 0.39 0.35 3.54 1.11 3.17 2.53 2.42 2.67 2.63 2.74 3.CS 2.74 3.~1 -...16 
o.Jc o.oc o.oo c.co c.12 0.11 0.29 0.11 0.11 0.16 0.27 0.27 4.53 3.69 4.06 3.18 3.14 3.4C 3.41 ~.47 4.('14 -...4q 3. 0 5 4.41 
0.31 o.oc o.oo o.oo c.31 o.-..4 0.31 0.31 0.12 o.~Q o.2R 0.28 4.53 3.69 4.06 1.lP 3.14 3.4( 3.41 3.47 4.04 3.48 3.q5 4.41 
0.31 C.CC C.OC 0.00 C.34 0.11 C.3C 0.18 0.32 0.38 0.27 0.26 4.}q 3.78 4.37 2.qq 2.~ 7 3.60 3.21 3.?4 4.33 3.2Q 4.17 4.~7 
0.25 0.34 0.31 C.6G C.26 0.11 C.?5 0.10 o.2q 0.21 0.21 0.24 5.98 4.94 5.16 3.Q3 ,.fl3 3.qc 4.5S 4.10 4.85 4.~4 4.~? 'i. 14 
0.24 o.~5 0.31 c.10 c.25 0.10 0.21 0.11 0.30 0.2'l C.24 0.24 s.9~ 4.94 5.16 3.93 1.a~ 3.sc 4.5c 4.10 4.q5 4.64 4.'i? r:;.14 
0.2s o.35 c.31 c.e6 c.26 0.29 c.21 0.29 o.-..o 0.21 o.?5 0.25 6.32 4.71, 4.71 4.06 3.6C 4.12 4.0( 4.28 5.?2 4.4R 4.4° 5.21 
0.11 o.40 r.39 o.e6 c.11 o.,~ 0.11 0.21 0.19 0.1~ 0.14 0.16 4.g7 3.74 3.73 3.16 2.74 3.Cf 3.7~ 3.2R 3.69 3.72 7.Al 4.46 
O.lA 0.42 0.40 C.P9 C.17 c.?O O.lq c.20 n.10 0.20 0.15 O.lA 5.07 1.74 3.73 3.16 2.74 ,.Cf 1.7?. 3.?q 3.6q 3.72 7 .f,l 4.46 
0.18 0.47 0.4( C.92 C.17 0.20 0.17 O.lQ C.lq O.lQ 0.14 O.lR 4.87 1.33 1.01 1.00 2.1s J.oe ~.42 3.3R ?.A4 ,.4Q 1.11 4.41 
4198 3964 4242 4171 4138 41C3 41C5 4133 41Q?. 4029 40/iO 4004 5fl"T f(:Q 6f-6 714 7'5 2 123 t"'5 1~0 652 7~t, 750 673 
+=" 
Vl 
T ll?U: l.6. 
V~LlJ~S (F (o FfP r1cc~~~~T P* 
PR('R{Nr., Y•{GHT = 34 r •· qr:,i pt TI" = 3. 10 (.F.~. 
STATIC ~en ~[f~HT = 4 T"-: <; ( i; F != ~- :- Lt C q:;;;. 
PRrflF. Pf'J[NTl '\;G r)(\,,11\ pori?E- PrI~TT~C er-
\NGLF DF PQ08ING tN f)f(;Of:FS l\f'IC'L F nF pµr13 I~·r, T'J rFr,P[E-<:: 
R* 0 15 ~o 4 '5 t-C 7c, qc 1 ()Cj l.? 0 135 1r:.r. 16 5 r l <; ,r 45 ('; E: c;c 1 C5 \?( 1 -,c: 1c; --: 16 5 
0.%(:, 0.36 0.40 0.37 C.41 C.44 0.1Q 0.19 C.4U C.41 0.3A C..35 0.•7 1.C':' 3.4? ;, .6A 3.C'3 3.?r ~. 41 1.17 3."7 3.34 3. 2 'I ? • ac:; ?.7R 
0. 866 0.37 0.40 0.36 C.41 C.44 0.4~ 3.40 0.4? o.42 o.4n o.3'5 0.1A 1. I• 3.51) 2.73 3.7.1 3.?2 ~."i6 3.2~ 3.66 ~.44 1.44 .?.Q~ ?.A5 
0.%6 0.37 0.41 0.37 C.42 C.45 C.41 0.40 0.41 J.40 0.3Q 0.3(:, 0.3A 1.11 :1.n Z.1P 3.lh 3.zc 3.t2 3.~l ~.f-l ,.47 3.:q ;;,.o<+ ? • Q c:;: 
'l.76't 0.47 C.4A 0.4~ C.49 C.'51 0.46 C.48 0.46 n.48 0.44 0.43 n..47 Z.3f- 3.14 2. 23 2.74 2.58 2.11 .?.5t ?.f-1 ?.77 ?.r:.p 2. 4f. 2.42 
0.764 0.4q C.47 0.47 C.50 C.52 0.47 C.4q 0.47 0.4Q 0.44 C.41 0.4Q 2.11 1.18 2.24 ?.11 ?.t1 2.H5 z.c:;p .?.f-6 2.R~ 2.l5 2.44 ;;,.c,0 
0. 764 o.47 c.49 o.4e o.48 o.sJ o.48 c.4~ o.47 o.48 o.45 o.44 o.so 2 .4 l 3.;n 2.2Q 2.71 2. f: l ?.8~ Z.f-4 2.63 z.cc ?. 7 0 ?.5• ;,. i:;4 
0.646 a.sq c.ss o.s~ c.61 c.se o.55 o.61 0.55 0.'57 0.52 0.52 O."i6 l.P~ 2.21 l.fA 2.('"l ?.11 2. 11 1.1e 1. 0 c; I • Cl 2. C•4 1. 7c; 1.1~ 
'J.646 0.59 C.60 0.5~ C.62 r.58 C."i4 0.63 0.57 0.57 0.51 o.53 o.57 l.13Q 2.;n 1. 71 2.C8 2. H: 2. 15 l. P ( '?. C4 1.9~ 2.C6 1.AO 1.10 
J.646 0.60 o.58 o.51 c.63 c.sc; o.ss n.64 o.57 o.58 o.51 0.53 c.5A 1.86 2.20 1. 7 t ~ .10 ?.lq 2.17 l."A .?.rG 2.~ 1 2.11 1 • 7 r , J 0 P4 
0.51)0 0.76 C.75 0.72 C.74 C.80 ~.74 0.78 0.6R 0.70 0.70 C.6Q 0.71 1.44 1. tl) 1.3A 1. 54 1.4c; 1.52 I.?" 1.45 1.44 1.51 1.1q l. 16 
0.500 0.76 0.75 0.12 C.74 C.80 0.74 o.78 0.6A n.10 0.70 0.6q 0.11 1 • i:; l 1.60 1.40 l. "57 1.41 1.57 1.28 l.'iC' 1.47 I. 55 I. 4·" l.37 
0.500 0.11 o.11t o.74 c.1c; c.76 0.13 o.~o c.10 0.12 0.1~ 0.12 o.11t 1.52 1.6~ 1.4 3 1.60 l.4t l.~8 l.~2 l.5C 1.40 1. 'i a 1.43 I. 40 
0. 290 0.92 c.qz o.c"l c.c;~ G.97 Q.Q<; ~.9~ r.qq 0.9~ 0.87 ~.06 o.q1 1 • 2 l 1. 13 l.G3 1. 16 1. 1 ~ 1.26 n.04 1.12 l. l 7 I.? 5 1. ?3 1. 12 
0.290 o.q2 c.qz o.q3 c.qc; c.q1 o.~9 o.96 c.s~ o.q3 o.A7 o.q,, 0.q1 1.26 1. 1 '5 1. f 5 l. l R 1.15 1.2s r.01 1. t4 1. ::> l 1. ?7 I. l P 1.14 
0.290 o.g,. o.gf. o.95 1.01 1.oc c.g1 C.97 c.90 a.or o.90 0.92 G.9q 1.28 1.12 1. ('6 l.?O l.Ct l.3, C.9P 1.rc 1.14 l. '?'"l 1.14 l. OP 
0.01)0 0.9A 1.02 1.01 c.gA 1.c2 c.qq 1.01 c.01:1 0.90 0.c;9 I. C 2 1. Q 2 1.c 1 1.01 I'• C >! 1.00 r.<;c; c.c;F O.Q5 1.(3 C.QP n.00 1.,r:. r,. qQ 
o.ooc 0.98 1.02 1.01 c.c;s 1.02 o.gg 1.01 0.98 0.99 0.99 1 .() 2 1.0? l. I) 2 1.0 2 1.co 1.M c.c;1 1. Cl 1. Cl c.c1 r.qq t.f'2 r: .4Cl 1.nc 
0.000 1.02 c.ge o.gq l.O? c.qs I.Cl o.Q9 1.02 l .o l 1.01 r.Qe o.Qs 0.98 ('.C)C) 1.02 C.08 1.04 l. C 2 l • 04 I • C 1 1. (3 J.QG C.Qf 1.02 
o.no 0.69 C.71 0.72 0.71 '). ?5 c. 74 o. 72 o. 71 0.75 O.B4 0.77 0.76 l.?P 1. 2 A 1. 15 1. zc, 1.14 1'. 2C' 1.1e 1.n 1.?l 1.2~ 1.1q 1.14 
0.290 n.69 C.71 0.12 C.15 C.75 C.74 C.72 c.71 0.75 0.84 0.11 C.76 1. 31'1 1. 3L1 l. 11 1.?f l • l 7 I.lC l.14 I• ? ':: I. 'Z(' 1. 1 'l 1.14 l • ( Q 
o.2qo 0.67 0.6<; 0.69 C.7G C.7R C.72 O.,c; C.74 0.10 a.BO 1.7A c.74 1.33 1.33 1. n l. 'Z A 1.1c; 1.1" 1.cc 1.1q 1.17 l.?7 lolQ l • 1 n 
0.500 0.44 C.48 0.46 C.40 C.47 C.4Q 0.48 0.54 0.4R 0.5() 0.40 0.48 1.6 A l .R 7 l. (:1 1. 77 l.7C 1.7:- 1.c;, 1. 7<; 1 • R O l • Q 3 l • f.., '°'l I•"' 7 
o.soo o.43 c.~o c.47 c.41 c.48 o.5o o.4q 0..55 0.50 c.61 r.5n o.48 l .6 3 I.AO 1. c; q 1.7f:l 1.72 l. 74 1. 5 p l. F, l.96 l.Q7 1.74 ) • 57 
0.5')0 0.42 0.49 0.4~ 0.42 C.47 C.4q 0.48 G.56 0.4Q 0.59 0.50 0.4Q l.65 l. 76 l.63 l.~G l. 61< 1. H C' l."'4 1.83 l. <15 l. 7 t, 1. 7 ii l. ( , ? 
0.646 0.35 0.3~ 0.35 C.33 C.4r c.,~ 0.3R C.3° 0.35 0.51 C.43 0.47 2.36 2.5? 2.38 2.1? 2.V: 2.~1 ?.lt ? 0 2G 2 0 37 ?.?~ : 0 ?4 2.ro 
').646 o.34 ~.39 0.36 c.33 r.4c o.39 c.38 r.3Q o.,5 o.c;, o.44 c.4R 2 .41 2.54 2.33 2.lR 2.:n 2.11 ?.2( 2.-~ ?.4( 2.21 ?.2' 7.0q 
(). 6 46 0.32 0.37 C.35 c.~4 C.41 C.40 0.39 0.40 0.36 0.54 0.4~ 0.4B 2.44 2.4G 2.30 2.14 2.3~ 2.6C 2.2"l 2.35 .?.:n ;, • l R ?.1'3 ?.r4 
').764 0.31 0.30 0.30 0.26 C.34 C.32 0.30 0.33 0.30 0.•4 C.40 0.35 2 .6 Q 3.33 2.Q4 2.76 2.9R 3.27 2.7C 2.nq 3.2S 3.00 2.~A 2.cq 
0.764 0.3? 0.31 0.31 C.26 C.34 C.31 o. 31 C.33 C.30 0.33 0.40 0.36 2.1c 3.31 2.G5 2.74 2.SG 3.23 2.77 3.C~ ~.27 3. ~3 z.04 2.74 
0.764 0.30 C.31 0.31 C.27 C.34 C.31 C.3? 0.34 0.10 0."l4 0.40 0.35 ?.76 3 • .?R 2.cc ?.tc 2.G2 3.3C ?.74 2.cq 3.22 7.Q'i z.qa 7.~5 
1).866 o.24 c.24 o.?5 c.20 c.2s c.77 c.?o c.26 0.2s c.?1 0.35 0."ll 1.61 4.2c, 3.72 3.72 4.04 3.~0 3.6l 4.lA 4.1~ 4.?C 4.13 3.Q3 
0.%6 o.75 C.2"5 0.25 C.?l C.26 0.27 0.31 C.26 0.26 0.~2 0.36 C.32 1.51 4.25 3.72 3.7? 4.C4 ,.~c 1.rP 4.1q 4.,~ 4.20 4.31 1.q1 
0.8fi6 0.25 0.25 0.24 C.22 C.25 C.28 0.31 c.27 0.2A o.·~ o.~5 0.12 3.48 3.Q9 3.57 1.a2 4.1~ 3.84 1.~~ 4.C6 4.1" 4.10 4. sn ~. 7q 
0.958 0.13 0.17 0.16 C.14 C.lR 0.16 0.lq 0.16 0.11 0.14 0.17 0.13 3.14 4.n6 1.;:,2 3.40 1.75 3.c1 3.?C 4.(4 4.?2 1.P0 3.~l •.6q 
0.958 0.13 O.l~ 0.16 C.14 C.18 C.16 0.19 0.17 0.14 0.15 O.l~ 0.13 3.21 4.06 3.22 3.4<; 1.75 3.Gl 3.3? 4.f4 4.3? 3.77 "l.Ag 1.fiq 
0.958 0.13 0.11 0.11 c.15 c.11 0.11 0.2c 0.11 0.14 0.15 0.16 c.14 3.2? 3.Ql 3.41 3.35 3.62 3.98 1.11 3.Ql 4.40 3.66 3.f:,1 3.51 
CL 3112 3054 3124 2763 2P65 3023 2QC1 3C7Q 3029 3152 3252 2958 560 556 f.55 f, •? i: ec; 5(: 5 551 ':-21 sec '5 28 545 5Ql 
.f:::" 
0\ 
T~BLE I. 7. 
VALUES CFC* FOR CIFFERENT R* 
PROBING HEIGHT = 10 IN FLOW RATE = 3.18 C.F.S. 
STATIC ~ED HEIGHT= 4 IN <;CF!HN :- 40 ~ FS H 
PROBE POINTING DOWN PROAE POINTI~G UP 
ANGLE OF PROBING IN DEGREES ANGLE OF PRC8ING IN OF~RfES 
R• 0 15 30 45 60 75 qo 105 120 135 150 165 0 15 30 45 60 75 90 1C5 120 13 5 150 165 
0.866 0.50 0.44 0.42 C.40 C.40 0.40 0.40 0.48 0.37 0.46 0.44 0.46 2.75 3.41 4.13 4.3g 4.8t 5.?6 5.2~ 5.42 5.17 5.03 4.62 ~.65 
0.866 0.51 0.43 0.41 0.41 0.3q 0.42 0539 0.49 0.38 0.45 0.43 0.4A 2.66 3.14 4.(5 4.07 4.94 5.17 5.48 5.33 4.Q7 4.85 4.76 3.~l 
0.866 0.53 0.41 0.41 0.40 0.38 0.39 0.40 0.46 0.37 0.43 0.42 0.47 2.64 3.35 3.P6 4.~l 5.12 5.10 5.22 5.50 5.05 5.10 4.A5 3.84 
0.76't o.63 o.52 o.51 c.52 o.46 o.56 a.so o.54 o.45 o.55 o.54 o.sa 2.60 2.66 3.30 1.50 4.44 4.C5 4.47 4.7A 4.10 3.87 3.70 1.11 
0.76't 0.61 o.54 o.52 o.s1 o.45 o.55 a.so o.56 o.45 o.54 o.59 o.s1 2.50 2.11 3.43 3.21 3.96 4.03 4.80 4.67 4.15 3.76 3.60 2.97 
o.161t 0.63 0.55 0.53 0.52 0.47 0.56 0.50 0.54 0.44 0.53 0.54 0.56 2.46 2.80 3.4q 3.36 4.30 4.17 4.60 4.P4 3.Q6 3.7Q 3.46 1.09 
0.6't6 0.11 o.65 o.61 c.64 o.ss 0.11 o.67 o.64 o.54 o.66 o.65 o.64 1.96 2.16 2.43 2.93 1.C4 2.~4 2.93 3.16 2.66 2.63 2.~4 2.30 
0.61t6 o.69 o.64 o.~o c.61 c.55 o.69 o.73 0.61 o.55 o.68 o.63 0.61 1.92 2.12 2.55 2.76 2.E4 2.79 2.82 3.18 2.83 2.54 2.55 2.27 
0.646 0.12 0.66 0.63 0.60 0.56 0.72 0.71 0.62 0.55 0.65 0.67 0.62 1.a1 2.1s 2.46 2.a9 3.06 2.91 2.90 2.qs 2.RA 2.65 2.53 2.25 
o. 500 o.es o.eo 0.16 c.15 o.69 o.e3 0.12 0.10 0.12 o.e1 o.s1 o.ao 1.10 1.41 1.85 t.79 2.15 2.11 2.35 2.23 2.11 1.92 1.88 1.51 
0.500 0.87 0.11 0.18 0.73 0.73 0.82 0.72 0.72 0.12 0.82 0.78 0.83 1.67 1.s2 1.eg 1.06 2.14 2.10 2.32 2.18 2.00 1.eq 1.19 1.4Q 
0.500 0.91 o.eo o.79 c.76 0.15 0.1s 0.15 0.13 o.71 0.10 o.a2 o.84 1.63 t.48 1.19 1.ao 2.oe 2.14 2.2P 2.26 2.06 1.90 1.R4 1.56 
o. 290 1.02 c.0q o.94 o.e9 c.96 o.96 o.94 o.94 0.02 0.91 o.96 0.01 1.04 1.09 1.26 1.23 1.21 1.46 1.36 1.32 1.29 1.24 1.28 1.12 
0.290 o.qe o.ee 0.92 0.92 c.95 c.94 0.91 0.92 o.a1 o.96 o.94 0.09 1.05 1.11 1.21 1.26 1.36 1.35 1.34 1.36 1.31 1.24 1.24 1.21 
0.290 0.96 C.84 0.98 C.87 C.97 C.96 0.90 0.91 0.86 0.93 0.95 0.87 1.04 1.13 1.20 1.28 1.2G 1.41 1.32 1.37 1.22 1.25 1.21 l.lR 
0.000 o.96 o.99 0.91 c.99 1.01 1.oc o.96 1.02 1.02 o.98 o.97 1.01 0.97 1.00 1.00 1.00 1.01 1.01 1.02 1.G2 1.00 1.00 1.00 1.00 
0.000 1.01 0.98 0.99 C.97 C.96 0.98 1.04 1.00 1.01 1.02 1.02 0.99 1.01 o.9e o.99 o.QR o.99 1.co 1.oc 1.or o.9e 0.91 o.99 o.99 
0.000 1.03 1.03 1.04 1.04 1.03 1.02 1.00 0.98 0.98 1.00 1.01 1.00 1.02 1.01 1.01 1.02 1.00 O.~~ 0.9R 0.9~ 1.02 1.03 1.01 1. 01 
o. 290 0.91 0.91 0.00 0.03 o.e6 0.06 o.74 0.00 0.13 o.eo o.86 o.a1 1.34 1.17 l.?O 1.24 1.14 0.98 1.05 1.C~ 1.03 1.08 1.15 1.10 
0.290 0.92 o.ae o.eo c.84 o.e3 0.01 o.75 o.ao 0.1s o.a2 o.93 o.84 1.41 1.12 1.16 1.28 1.05 C.96 0.98 1.04 O.Q6 1.07 1.13 1.08 
0.290 0.96 0.93 0.84 C.87 0.86 0.89 C.77 0.82 0.77 0.80 0.89 0.90 1.33 1.15 1.16 1.20 1.11 C.G6 1.01 1.02 C.99 1.10 1.17 i.12 
0.500 0.67 0.65 0.66 C.72 0.66 0.64 0.64 0.61 0.56 0.63 0.74 0.80 2.11 1.89 1.13 1.43 1.61 1.42 1.ss 1.2g 1.35 1.37 1.66 1.s6 
o.5oo o.66 o.64 o.64 c.6q c.63 o.65 o.63 o.64 a.sq o.63 0.12 0.11 2.20 1.92 1.10 1.40 1.65 1.38 1.62 1.34 1.29 1.44 1.63 1.54 
0.500 0.67 0.66 0.65 0.13 C.66 0.6q 0.60 0.64 0.57 0.60 0.69 0.75 2.09 1.85 1.65 1.37 1.56 1.35 1.51 l.3Q 1.13 1.47 1.61 1.53 
0.646 0.53 0.46 0.51 0.58 0.45 0.47 0.48 0.51 0.41 0.4A 0.60 0.57 2.1s 2.49 2.oq 1.95 1.90 1.92 2.02 1.92 1.86 2.01 2.06 2.26 
0.646 o.51 o.45 o.4q c.s5 o.44 o.46 o.49 o.s2 o.42 a.so a.sq o.61 2.~2 2.41 2.11 1.98 l.<;7 1.98 2.03 1.85 1.82 l.Q2 2.02 2.19 
0.646 0.53 0.45 0.52 C.54 0.45 0.45 0.47 0.50 0.41 0.48 0.58 0.59 2.94 2.51 1.99 1.90 1.87 1.87 1.95 1.96 1.93 l.Q4 2.07 2.23 
0. 764 0.43 0.38 0.39 C.42 0.38 0.38 0.33 0.42 0.39 0.45 0.44 0.55 3.80 2.90 2.11 2.63 2.46 2.32 2.36 2.25 2.39 2.28 2.77 2.85 
0.764 0.42 0.37 o.3q C.40 C.36 0.36 0.35 0.41 0.38 0.46 0.45 0.56 3.69 3.08 2.65 2.70 2.4G 2.41 2.42 2.22 2.36 2.18 ?.70 2.79 
0.764 0.45 0.39 o.38 0.43 C.38 0.39 0.35 0.40 0.36 0.46 0.43 0.54 3.70 3.11 2.80 2.54 2.39 2.31 2.31 2.23 2.47 2.23 2.67 2.9? 
0.866 0.34 0.31 0.35 0.33 C.34 0.32 0.33 0.33 0.30 0.34 0.33 0.37 5.24 3.75 4.13 3.40 3.25 2.97 2.96 2.52 3.03 3.01 3.14 3.70 
0.866 0.36 0.30 0.33 C.32 C.33 0.31 0.30 0.35 0.31 0.36 0.34 0.37 5.18 3.81 4.06 3.25 3.54 2.86 3.03 2.45 3.10 2.99 3.41 3.61 
0.866 0.36 0.29 0.35 C.33 C.34 0.32 0.32 0.33 0.31 0.35 0.32 0.35 4.96 3.70 3.92 3.37 3.46 3.00 2.91 2.5, 3.11 3.11 3.26 3.65 
0.958 0.24 C.19 0.18 C.19 C.18 O.l~ 0.22 0.20 0.20 0.22 0.23 0.24 3.65 2.79 2.64 2.52 2.57 2.14 2.23 2.22 2.3~ 2.50 2.80 2.qq 
0.958 0.22 0.1s 0.2c c.20 o.1q 0.11 0.20 0.21 0.20 0.24 0.23 0.23 ~.60 2.85 2.59 2.62 2.55 2.C9 2.3? 2.21 2.36 2.43 2.64 3.14 
0.958 0.24 0.20 0.19 0.20 0.20 0.18 0.21 0.18 0.20 0.23 0.25 0.24 3.51 2.94 2.37 2.52 2.46 2.15 2.25 2.23 2.47 2.54 2.71 1.06 
CL 2256 ?754 2E71 2F.C7 2921 2838 3021 2875 2951 2685 266<; 2508 772 800 757 76<; 715 760 744 718 7"'\q 731 694 711 
..,:::-
-J 
T ABLF 1.8. 
VALUES OF C* FCP [YFFERENT P* 
PRC11lNG HEIGHT = 22 l N FLOW PAT F = 3 .18 C.F.S. 
STt1TIC BfD HEIGHT= 4 IN SfRfEN:- 4C 1"11:5H 
PRCBF POINTING DOWN PRnRE PO{Nllf\G L;P 
ANGLE OF PRnBING IN OEGQffS A~GLE nF PROBING IN OEGRffS 
R* 0 15 30 45 60 75 90 105 120 135 150 165 0 15 30 4c:; t,C 75 Q~ 105 12 0 135 150 16 5 
0.866 0.42 C.36 0.37 C.36 C.43 0.36 0.46 0.47 0.46 0.52 0.51 0.48 l.R9 2.51 2.F.1 2.17 ?.lP 2.14 1.9P l.Ql l 0 f-O l 0 6R 1.73 1. 4R 
0.866 0.44 C.37 0.38 C.36 C.44 0.1g 0.47 0.46 0.48 0.51 o.c:;2 0.49 1.7? 2.16 2.P5 2.36 2.37 1.95 l.P6 1.76 1.c:;q 1.74 1.74 1.56 
0.866 0.44 0.35 0.37 C.39 C.43 0.39 0.46 0.47 0.48 0.49 0.50 0.47 l.83 2.47 2.81 2.41 2.2G 2.C8 l.Qf 1.~3 l.67 l.f3 1.1c:; 1.44 
0. 7f4 0.49 0.44 0.41 C.45 0.50 0.46 0.56 0.59 0.57 0.62 0.61 0.56 1.65 2.20 2.37 2.00 1.79 1.75 1;6c 1.66 1.47 1.44 1.s1 1.44 
0.764 0.52 0.47 0.43 0.44 0.51 0.43 0.57 0.58 0.57 0.60 0.63 0.58 1.63 2.21 2.25 2.12 1.1c 1.eq 1.se 1.56 1.62 1.45 1. f,(1 l. 17 
o. 764 0.51 0.46 0.43 0.45 C.4q 0.42 0.56 C.58 0.58 0.59 0.62 0.57 1.61 2.38 2.3g 2.16 1.e2 1.e8 1.12 1.62 1.54 1.41 1.% 1.47 
0.646 0.61 o.51 o.53 c.55 c.s1 o.53 0.62 o.67 0.10 c.11 0.1s o.67 1.56 2.01 2.29 1.52 1.4~ 1.49 l.~5 l.3R 1 0 17 1.20 1.24 ).0q 
0.646 0.62 o.49 a.so c.s6 o.5G c.55 o.64 o.69 0.12 0.11 0.12 o.67 1.52 1.97 2.14 1.12 1.55 1.38 1.47 1.2g 1.23 1.11 1.32 1. flR 
0.646 0.61 0.51 0.5C C.54 0.58 0.58 0.66 0.67 0.71 0.73 0.74 0.70 l.47 2.C4 2.25 1.68 1.48 1.44 1.42 1.10 1.31 l.26 1.36 1.05 
0.500 0.11 0.62 o.65 c.65 0.13 0.10 a.so a.At 0.01 o.89 o.91 o.85 1.21 1.75 1.48 1.32 1.2t, 1.12 1.24 1.23 1.04 1.06 1.22 O.P4 
0.500 0.12 0.6~ 0.66 0.67 o.75 C.6q 0.84 0.76 0.8A O.R7 o.qo O.R7 1.31 1.67 1.46 1.~7 1.21 1.11 1.15 l.?.3 1.08 l.OQ 1.09 O.P7 
0.500 0.67 0.63 O.f4 C.67 C.76 0.69 0.85 0.79 0.89 0.90 0.90 0.85 1.30 1.80 1.44 1.3A 1.2s 1.1c 1.2c 1.11 1.11 1.10 1.15 O.Q\ 
0.290 0.01 0.05 o.e6 c.e1 c.97 a.sq o.98 o.q1 1.05 1.00 1.12 1.01 1.15 1.32 1.15 1.19 1.13 o.q6 C.93 o.oq 1.06 l.01 Q.Q5 0.87 
0.290 0.05 0.01 0.06 c.qo c.95 c.92 c.qq o.99 1.01 1.03 1.09 1.08 1.11 1.36 1.09 1.24 1.09 C.8G O.QA I.CR O.Q6 c.q6 1.07 n.86 
0.290 o.a~ o.s2 o.ae c.03 o.93 0.91 0.9G 0.97 1.06 1.06 l.09 1.06 1.15 1.21 1.15 1.26 1.oc; c.97 1.rc 1.c1 C.94 o.oq 1.n6 0.90 0.000 1.02 C.97 1.00 1.01 1.oc 1.02 0.90 c.97 c.98 o.99 1.00 1.03 1.03 1.01 1.04 1.02 C.9e C.96 1.01 1.05 1.02 1.0~ ~.9~ 0.99 
0.000 0.99 1.03 1.01 1.oc c.99 1.00 1.01 1.00 1.00 1.00 0.9R 0.98 0.99 0.96 1.02 0.98 1.01 1.c6 o.qE o.oa 1.01 1. 01 (, 0 0R l.Ol 0.000 o.99 1.00 o.9~ c.99 1.02 o.q1 1.01 1. 02 1. 0 l 1.02 1.02 0.99 o.qs 1.03 o.95 1.01 1.c2 c.<?-8 1.01 G.S7 C.97 0.97 1.08 0.98 
0.290 0.88 C.84 0.11 0.11 C.1~ 0.73 0.67 C.60 0.69 0.63 0.75 0.66 1.14 1.27 1.11 1.11 1.1s 1.13 1.14 1.,4 1.34 1.2c:; 1.16 1.oq 0.290 0.89 0.81 0.81 C.74 C.75 0.70 0.64 0.61 0.64 0.65 0.72 0.63 1 .o l 1. 17 1.33 1.14 1.cc; I.CS 1.14 l.:!4 l.?f- l.JA 1.15 1. 12 0.290 O.A7 C.80 O.PC C.74 0.73 0.12 0.65 C.59 0.63 0.65 0.71 0.66 1.11 1.25 1.28 1.16 1.13 l.C4 1.15 l.3C l.?R l.?l 1.14 1.06 
o.soo 0.60 0.55 0.55 C.51 C.46 0.50 0.44 0.46 0.45 0.48 0.42 0.42 1.04 1.45 1.50 1.32 l.~c 1.37 1.35 1.55 1.71 l.1Q 1.47 1.4g 
0.500 0.59 0.59 0.59 0.55 C.46 C.49 0.41 0.45 0.46 0.47 0.43 0.43 1.0~ 1.44 1.46 l.4C 1.4? 1.36 1.47 1.54 1.61 1. 5 2 1 • 3 2 1 • 40 0.500 0.60 o.57 o.5e c.54 a.so o.47 o.42 o.44 o.47 o.47 o.44 o.45 1.08 1.36 1.53 1. ZC} 1.~f 1.33 1.43 1.51 1.i:;4 l.4Q ].16 l.?7 0 .646 0.46 0.42 0.4C C.37 C.39 0.15 0.36 0.35 0.33 0.43 0.44 0.40 1.20 1.60 1. 7 g 1. 6 5 l • 64 1.49 1.67 1.70 l.A4 l.CR J.55 1.42 0.646 0.4A C.39 0.3e C.37 C.41 0.36 0.37 0.38 0.30 0.44 0.44 0.39 1.27 1.61 l.~1 1.42 1.66 1.49 1.72 l.P3 l.Pfi 2.17 I.An 1.55 
0.646 0.47 C.41 0.37 C.38 C.42 0.35 0.35 0.37 0.35 0.43 0.42 0.40 1.7.6 1.56 1.79 1.51 1.62 1.44 1.63 l.~o 1.76 2.11 1.51 1.47 C.764 0.3Q 0.14 0.15 C.34 0.32 0.30 0.31 0.30 0.31 0.34 0.39 0.35 1.16 1.19 2.28 1.e1 1.~c 1.74 2.14 2.37 2.34 2.24 1.q1 1. 94 
o. 764 0.37 0.34 0.33 C.34 C.33 C.31 C.32 0.31 0.32 0.35 0.3Q 0.36 1.36 1.62 2.01 l.Q7 1.0~ 1.71 l.qc 2.~q 2.24 2.2~ l.R6 l 0 Q} 0.764 0.3P 0.32 0.32 C.33 0.31 0.31 0.30 0.28 0.31 0.36 0.~A 0.33 1.31 l.B 2.21 l.87 1.93 1.6A 2.1~ 2.~5 2.?q 2.2~ l.A4 1 • P5 0.866 0.31 0.29 0.25 C.28 C.25 0.25 0.23 C.24 0.28 0.28 0.25 0.26 1.43 2.15 2.54 2.38 2.42 2.11 2.73 3.20 2.q7 2 0 PA ?.4R ? • ?I 
0.866 0.31 0.30 0.28 C.28 C.28 0.21 C.25 0.22 r.zq O.?R 0.2~ 0.2R 1.35 2.?8 ?..51 ?.50 ?.3t 2.26 2.~4 3.16 1.10 3.12 2.5A ~.~O 
0.866 0.32 o.3o o.2ci C.?g c.21 o.~e 0.25 0.26 o.~o 0.30 o.zq 0.25 1 • :\ l ?.34 2.5g 2.52 2.12 2.25 2.Pl 1.G2 ?.02 ~.ll 2.61 ? • 30 0.958 0.16 c.19 0.14 c.1q c.11 0.14 0.13 0.1s 0.19 0.18 0.20 0.11, O.Q2 t.1c:; 1.68 1.71 1.1c l.5C 2.Gr 2.56 2.41 ,.~4 2.10 1. 64 
0.958 0.18 0.16 0.16 C.17 C.14 C.16 0.16 0.16 0.1~ 0.17 0.19 0.16 0 .91 l.4R 1.60 1.65 l.7f 1. 41 l.G2 2.44 ?.46 2.32 2.lP l.62 0.95R 0.17 C.15 0.16 C.lR 0.16 C.16 0.14 0.14 O.lA 0.22 0.16 0.17 0.91 1. 51 1.73 1.66 1.7~ 1.45 l.A7 2.4P 2.36 2.~1 2.17 1.6A 
CL l39Q 1570 1611 1526 1421 15fl 1449 1415 141P 13AO 140C 14qt 5f- A 44'.' 3<;I 421 "") 3 453 ·~ f E ? c:; p 3C(' 4C4 42? 51? 
+==" co 
T IIRL E 1.9. 
VALUES CFC* F(Q CIFFERENT R.* 
PRCBING HflGHT = 34 IN FLOW RAT[ = J .1a C.F.S. 
STATIC BFIJ HEIGHT= 4 IN ~CREEN :- 40 '-1 ESH 
PROBE POINTING OCWN PRORE POINTI~r. LP 
ANGLE OF PR~BING IN DEGREES ANGLE nF PROBING IN DFGP fE S 
R* 0 15 30 45 60 75 qo 105 120 13 5 150 165 0 15 ~c 4'5 60 1"3 <JC 1C5 PC 13 "i 15() 165 
0.866 0.62 0.50 0.50 0.50 C.46 0.44 0.40 0.43 0.42 0.36 0.36 0.37 2.16 2.4? 2.B6 2.71 2.2~ 2.f~ 2.3C 2.C8 2.74 2.3A 2.A4 2.77 
0.866 0.63 0.49 0.51 0.48 0.45 0.43 0.38 0.41 0.40 0.38 0.35 0.38 2.21 2.'iO 2.91 2.76 2.2q 2.7A 2.24 2.11 2.~2 2.45 2.Q3 ?.82 
0 .866 0.62 0.51 0.48 C.49 C.45 0.45 0.40 C.44 0.42 0.39 0.37 0.39 2.2q 2.52 2.q3 2.80 2.32 2.e2 2.34 2.13 2.19 2.46 2.91 2.12 
0.764 0.11 c.59 o.55 c.5e c.55 o.54 o.53 o.53 a.so o.44 o.41 o.43 1.80 2.07 l.~O 2.37 1.A2 2.11 2.27 1.70 2.43 2.26 2.3Q 2.30 
0.764 0.12 o.~9 o.55 c.58 c.52 o.ss 0.52 o.53 o.48 o.45 o.44 o.46 1.85 7.13 1.97 2.46 1.e6 2.11 2.24 I.Ge 2.4A 2.~2 7.46 2.34 
o. 764 0.73 0.58 0.56 C.57 C.53 0.53 0.54 0.54 0.49 0.47 0.43 0.45 1.93 2.17 I.98 2.'50 1.ee 2.26 2.37 1.14 1-.51 2.14 2.4q 2.37 
0.646 0.80 0.66 0.74 0.74 C.67 0.64 0.62 0.59 0.56 0.56 0.51 0.55 l.~5 1.87 l.5Q 1.70 l.7C 1.63 1.72 1.64 l.P4 1.87 1.05 1.62 
0 .6't6 0.80 o.6) 0.13 c.15 c.66 o.63 o.59 o.58 o.56 o.55 o.s1 o.s1 l.92 l.88 1.57 1.78 1.11 l.68 1.77 l.~4 1.9( 1.90 7.()4 1.69 
0.646 0.81 C.64 0.73 C.73 C.68 C.62 0.63 0.62 0.58 0.57 0.54 0.58 1.88 1.q~ 1.f2 1.11 1.ac 1.1c 1.82 1.1c 1.92 1.~9 2.06 1.10 
o.soo o.85 0.82 o.84 c.92 o.e2 c.76 o.73 o.so 0.1s 0.11 0.13 0.12 1 .18 1.38 1.24 1.25 1.29 1.22 1.11 l.?O 1.54 l.~4 1.43 1.47 
o.soo o.ee o.a1 o.s, c.qo c.eo 0.14 0.11 0.1a 0.11 o.74 0.12 o.73 1.20 1.40 1.21 1.19 1.,2 1.24 1.05 1.25 1.58 1.36 1.~n 1.47 
0.500 0.87 0.78 o.e3 C.91 C.79 0.74 0.75 C.81 0.80 0.76 0.76 0.75 1.23 1.42 1.28 1.29 l.3f 1.26 I.lit 1.19 1.63·1.40 1.51 I. 53 
0.290 1.0, 0.99 0.95 C.96 C.96 C.95 0.97 0.92 0.97 0.84 0.90 0.95 0.92 1.06 1.03 1.15 l.C?. 1.12 1.05 c.02 1.06 1.14 1.1c 1.15 
0.290 1.06 c.qa o.95 c.95 c.94 c.~1 o.98 o.95 o.96 o.R6 o.qo o.93 0.96 1.10 1.06 1.17 C.99 1.16 1.05 C.93 1.11 1.14 1.14 1.16 
0.290 1.03 1.00 0.93 C.93 C.93 C.93 1.00 0.95 0.99 0.87 0.93 0.94 0.96 1.11 1.cs 1.20 1.03 1.14 1.c~ c.96 1.09 1.1~ 1.1~ l. 18 
0.000 1.00 1.00 1.01 c.9~ c.99 1.oc 1.00 1.01 1.00 0.99 0.99 0.99 0.98 0.97 0.99 0.99 0.95 C.97 C.9~ C.97 C.98 1.00 0.9A 0.9~ 
0.000 0.9e C.99 1.00 t.OO 1.01 1.01 1.02 1.01 1.02 1.01 0.09 1.01 0.99 1.00 1.04 0.97 0.~6 C.99 0.97 1.01 1.oc o.q1 1.00 1.01 
0.000 1.02 1.01 o.99 1.02 1.oc c.98 o.9~ o.99 o.99 1.00 1.02 1.00 1.04 1.03 o.98 1.c1 c.~e 1.c4 1.c4 1.c2 1.c1 1.03 1.0, 1.01 
0.290 0.81 C.71 0.84 0.76 C.69 0.72 o. 77 0.79 0.79 0.82 0.81 0.78 1.05 1.37 1.20 1.27 l.?2 1.42 1.12 C.92 1.29 1.20 1.15 l.?O 
0.290 0.82 0.72 0.87 C.7e C.71 0.73 C.77 0.82 ~.81 0.79 0.84 0.77 1.00 1.42 1.25 l.3C l.?7 1.45 1.0~ C.9~ 1.38 1.23 1.17 l.?5 
0.290 o.s5 o.74 o.e6 c.79 c.12 0.1s 0.14 a.so 0.1a 0.80 o.83 0.14 1.03 1.44 1.18 1. 3~ l.3C 1.44 1.11 C.98 l.~2 1.26 1.20 1.18 
0.500 0.58 0.54 0.48 C.57 C.49 0.55 0.52 0.55 0.57 0.52 0.60 0.58 1.56 1.12 1.79 1.g4 1.77 l.77 l.AC l.5'i l.60 l.74 1.56 i.95 0.500 o.sg o.56 o.4~ c.se a.so c.55 o.s4 o.53 a.sq o.51 0.61 0.56 1.54 1.75 I.e4 l.R7 I.BI 1.eo 1.83 1.~g 1.64 1.81 1.62 1.q5 
0.500 0.60 o.56 o.5c c.sg c.s1 o.56 o.5o o.55 o.56 o.5o c.5q c.56 1.58 1.67 } • 76 1.gz I.B 1. 71 l.B~ 1.56 l.68 l.85 1.6'> 2.02 
0.646 0.44 0.41 0.42 0.40 C.37 0.38 0.42 0.46 0.45 0.48 0.49 0.45 1.97 2.31 2.23 2.92 2.lG 2.f7 2.lP 2.Gl ?.22 2.41 7.15 ?.64 
0.646 0.45 0.43 0.43 0.40 C.39 0.39 C.42 0.46 0.47 0.46 o.4q 0.44 l.99 2.4l 2.33 2.96 2.24 2.f4 2.1c 1.98 2.20 2.34 7.14 2.69 
0.646 0.47 0.44 0.42 C.41 C.39 0.40 0.40 0.44 0.44 0.45 0.47 0.42 2.03 2.39 2.28 2.98 2.21 2.59 2.21 1.91 2.24 2.38 2.08 2.63 
0.764 0.40 o.34 o.3'> c.32 c.11 C.32 C.32 0.34 0.36 0.36 0.40 0.34 2.53 3.10 2.84 ~.47 2.56 3.C4 3.13 ?.50 2.96 2.74 ?.98 2.q5 
o.764 0.41 0.37 0.3t C.34 C.32 C.32 0.34 0.34 0.36 0.34 0.30 0.33 2.55 3.06 2.G3 3.58 ?.60 3.CR 3.1~ 2.~1 3.C7 2.PO 3.07 3.05 
0.764 0.41 0.37 0.35 C.33 C.32 C.33 0.32 0.32 ~.34 0.34 0.3A 0.3? 7.47 3.13 2.82 3.~3 2.6~ 3.12 3.07 2.57 3.07 ?.A3 3.0? 2.97 
0.866 0.32 0.28 0.30 C.28 C.27 C.26 0.27 0.28 0.29 0.30 0.30 C.25 3.30 4.21 3.f8 4.16 3.Ce 3.69 3.6f 3.Jq 3.52 3.34 3.q6 3.q5 
0.866 0.33 0.29 0.31 C.2R C.27 C.26 0.28 0.21 0.21 0.29 o.~c 0.24 3.41 4.15 3.74 4.16 2.qe 3.10 3.f4 ~.54 3.66 3.53 1.q6 ~.95 
0.866 0.34 0.30 C.3C c.2q C.28 C.26 c.21 0.26 0.28 0.2A o.2q 0.25 3.32 4.06 ?.10 4.01 2.Gt 3.64 1.1e 3.41 3.74 1.50 3.78 ~.90 
0.958 0.16 0.14 0.16 C.14 0.16 0.16 0.21 0.19 0.23 a.ta 0.18 O.lR 3.22 3.15 3.28 3.53 3.C9 3.40 2.94 2.Ag 3.27 3.21 3.46 3.80 
0.95B 0.17 C.16 0.15 0.15 C.15 0.16 0.22 0.20 0.24 0.18 0.17 0.17 3.16 3.2~ 3.32 3.47 3.l~ 3.26 2.QG 2.76 3.21 3.35 3.43 3.63 
0.958 0.16 C.14 0.17 C.15 C.16 0.16 0.20 O.lq 0.72 0.11 0.17 0.17 3.09 3.lq 3.34 3.46 ?.GA 3.23 2.91 2.8C 3.26 3.79 3.'il 3.84 




An uniform distribution of air ~ver the column cross-
section in the absence of particles is a prerequisite for the 
study of any air fluidized bed. Air velocities were measured 
at different volumetric flow rates and different angular 
positions along the diameter of the column. Deflecting b~ffl~s, a 
calming zone, ber1 saddles and screens helped to maintain a 
uniform flow of air. Typical. velocity profiles, along diameters 
perpendicular to each other are shown in Fig II.1. The measure-
ment of velocity profiles helped to establish the uniformity of 
air flew across the cross-section of the column as well as to 
check and calibrate the venturi insert which was used to measure 
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APPENDIX III 
The impact probe used for this work was designed to 
utilize the piezoelectric effect of a crystal. An electronic 
circuit with built in sensitivity control made the probe 
very versatile. This sensitivity control could be adjusted 
to maintain accurate counting of particles of different 
size and density. The probe had a frequency response upto 
20,000 cycles/sec. The compliance of the probe was approxi-
mately lxlo-6 cm/dyne. This dampened the oscillations, hence 
minimized the secondary pulse. count, thus when a particle hit 
the probe, only the primary pulse was recorded. 
At the flow rates used in the present investigation it wap 
found that the stem supporting the probe was sensitive to 
the contacts which triggered the counter. The stem was cush-
ioned by a rubber tubing which was pulled up to the probe tip. 
This made the stem ineffective as far as particle counting 
was concerned. 
By dropping particles from known heights on to the probe 
tip, the sensitivity control was calibrated in terms of impact 
velocity required to trigger the counter. 
The average velocity of particles inside the bed was cal-
culated for several air flow rates by the high speed camera 
52 
53 
technique described in Chapter IV. The correct sensitivity 
was selected and high speed photography confirmed the accu-
racy of the probe {see Chapter IV, V). 
The sensitivity of the stem was checked by covering the 
probe tip with a sponge cap and inserting the probe inside 
the fluidized bed. On an average the counter registered 5 
counts· per 100 seconds. The minimum count registered .in the 
experimental runs was 500. This QOrresponds ·to a probable 
error of -1.0% in probe counting. 
More readings were taken for the first run {air flow 
3.1 cu ft/sec and probing height of 10 inches) to confirm 
the accuracy and reproducibility of the probe. Three readings 
at each probing point revealed a maximum fluctuation of ±6% 
and a mass balance at the column cross-section for rising 
and falling particles gave it an accuracy of ±9%. For the 
rest of the runs the number of probing points were reduced 
to 13 along the diameter (points were located according to 
the equal area principle) . . When skewness was found in the 
particle distribution along the diameters, the equipment 
was dismantled and checked for vertical and horizontal 
alignment . . Inspite of constant checks on the alignment of 
the equipment the reason for the maldistribution still remain-
ed unknown. 
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